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           Separating chiral molecules is one of the most active areas of analytical chemistry. 
Chromatographic methods are typically employed for enantioseparations by using chiral 
stationary phases (CSPs) or adding chiral selectors into mobile phases. This research 
focuses on synthesizing a series of new types of β-cyclodextrin (β-CD)-bonded silica 
particles and crown ether/cyclam-capped β-CD-bonded silica particles and using these 
new materials as CSPs in conventional high-performance liquid chromatography (HPLC), 
ultra-high pressure capillary liquid chromatography (UHPLC) and capillary 
electrochromatography (CEC) to develop enantioseparation techniques with high 
enantioselectivity and high resolution. 
           Crown ether/cyclam-capped β-cyclodextrin-bonded silica particles are a new type 
of bonded CSPs that have a chiral selector with several recognition sites: β-CD, crown 
ether/cyclam and the latter’s side arm. This CSP was prepared by using a successive 
multiple-step liquid-solid phase reaction on the silica gel surface: β-CD was anchored 
onto silica support, derivatized by treatment with bromoacetyl bromide, and finally 
reacted with several kinds of amine-containing crown ethers/cyclams. The bonded silica 
particles were characterized by means of elemental analysis and Fourier transform 
infrared spectroscopy. Using a slurry packing method, some of the β-CD-bonded CSPs 
were packed into commercially available stainless steel tubes for application in HPLC, 
and the crown ether/cyclam-capped CSPs were packed into fused silica capillary tubing 
to fabricate capillary columns for application in UHPLC and CEC. The separation 
 xvii 
selectivities of those CSPs were examined by separating positional isomers of 
disubstituted benzenes and stereoisomers of chiral compounds under both normal phase 
and reversed-phase conditions in HPLC and UHPLC. The enantioselectivity and column 
efficiency for columns packed with some bonded CSPs were also evaluated in CEC 
under several running buffer conditions.  
          Enantioseparations for a wide range of chiral compounds were achieved on the 
columns packed with those crown ether/cyclam-capped β-CD-bonded CSPs in UHPLC 
and CEC. This type of CSPs has excellent enantioselectivity due to the multiple solute-
stationary phase interactions possible and the co-operative function of crown 
ether/cyclam and β-CD. After inclusion of the metal ion from the mobile phase into the 
crown ether/cyclam unit, the CSPs become positively charged. The positively charged 
crown ether/cyclam-capped β-cyclodextrins can supply extra electrostatic interaction 
with ionizable solutes and enhance the dipolar interactions with some polar neutral 
solutes. This enhances the host-guest interaction with some solutes and improves chiral 
recognition and selectivity. Application of this new type of CPSs in CEC was shown as a 
powerful enantioseparation technique with high enantioselectivity and high column 
efficiency. Fast enantioseparations with high resolution were easily achieved when two 
kinds of aminoquinoline-containing diaza-18-crown-6-capped β-CD-bonded nonporous 
CSPs were used in UHPLC.  
          The results showed that the crown ether/cyclam-capped β-CD type-bonded CSPs 
were synthesized using a convenient successive multiple-step liquid-solid phase reaction 
on the silica gel surface. Those CSPs have shown excellent enantioselectivity due to their 
special structure. Accordingly, they would have strong potentials for fast 
 xviii
enantioseparations with high efficiency and high resolution when using as chiral 








1.1 HISTORIAL DEVELOPMENT OF LIQUID CHROMATOGRAPHY AND CHIRAL 
LIQUID CHROMATOGRAPHY 
1.1.1 Liquid Chromatography 
         Liquid chromatography (LC) was invented by M. Tswett one century ago [1-4]. 
Tswett separated various plant pigments by passing plant extracts through a glass column 
filled with different powdered organic and inorganic materials which acted as adsorbents 
[3,4]. The different components of a pigment mixture produced separate colored bands on 
the calcium carbonate column and inspired the term “chromatography” [1]. Today, this 
term is still used to describe the separation techniques that employ a stationary and a 
mobile phase [2]. The concept of chromatography relies basically on the distribution of a 
compound between these two phases [2,5]. Tswett’s work was largely ignored for several 
decades until Martin and Synge first introduced column liquid-liquid partition 
chromatography in 1941 [6]. However, it was not until the mid-1960s that high-
performance liquid chromatography (HPLC) assumed a permanent place in 
chromatography history. In the last 30 years, tremendous effort has been carried out to 
develop and improve the performance of HPLC. This has led to HPLC becoming a 
common chromatographic technique for analytical separations. Presently, HPLC is an 
increasingly important technique for high throughput analysis of extremely complex 
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samples that are typically encountered in the life science and in environmental analysis 
[7]. 
        In HPLC, 3.2─4.6 mm i.d. (internal diameter) stainless steel columns are commonly 
employed. The primary reasons for the popularity of HPLC are the ruggedness and ease 
of use of these conventional stainless steel columns [2,5]. The potential advantages of 
reducing the column diameter to capillary dimension were recognized by 
chromatographers almost at the same time as HPLC was introduced [8-11]. 
Miniaturization is a general trend to science and technology, and the down-scaling of 
conventional LC to capillary LC offers the following attractive advantages [12-16]: (1) 
capillary LC yields higher efficiency than conventional LC; (2) capillary LC significantly 
reduces the cost of operation; (3) Low mobile phase flow rates facilitate direct coupling 
with a mass spectrometer and facilitate the coupling with a secondary chromatographic 
system to represent multi-dimensional chromatographic systems, such as capillary LC-
supercritial fluid chromatography (SFC), and capillary LC-capillary electrophoresis (CE), 
or capillary LC-capillary GC;  and (4) capillary LC columns are compatible with small-
size samples, such as those frequently encountered in modern biology, medicine and life 
science. 
        Initial miniaturizing efforts in LC are attributed to Horvath and co-workers in 1969 
[17,18]. In the late 1970s, Ishii and co-workers [19-24] reported the slurry packing of 5-
30 cm × 250-500 µm i.d. polytetrafluorothylene (PTFE) columns with 5-30 µm particles 
and used these columns to produce separations that compared favourably to those 
obtained by conventional HPLC. Shortly after Yang [25] performed capillary LC with 
fused silica microparticle-packed columns in 1980s, the highly desirable attributes of 
 2 
fused silica capillary tubing (e.g., mechanical strength, flexibility, and low adsorption) 
quickly made it the preferred choice. In the early 1990s, packed fused silica capillary 
electrochromatography (CEC) received much attention and developed as a powerful 
modern capillary LC technique [26-31]. In 1997, MacNair et al. [32] introduced ultrahigh 
pressure capillary liquid chromatography (UHPLC) to overcome the pressure limitations 
that small particles impose on conventional HPLC pumping systems. UHPLC is a 
modern LC technique that can achieve very high efficiency and resolution [33-35].  
 
1.1.2 Chiral Liquid Chromatography  
         The optical activity of chiral molecules was first noted by Biot in the early 1800s 
and the existence of optical isomers was established by Pasteur in 1848 [36]. The concept 
of the asymmetric carbon atom helped Van’t Hoff and Le Bel to explain the existence of 
optical isomers and Fisher in the late 1880s determined the configuration of (+)-glucose. 
Later, Bijovet confirmed the work of Fisher by X-ray crystallography. After that, work in 
the field of enantiomers continued relatively slowly until about 1980 when the selective 
physiological activity of the different optical isomers of drugs became recognized. 
Nowadays, enantiomeric separation is important in various fields, such as natural product 
research, stereospecific synthesis, chiral drug analysis in the pharmaceutical industry and 
chiral compound analysis in environmental studies [37]. In the pharmaceutical industry, a 
large number of the most frequently prescribed drugs contain one or more chiral centers 
and may exist in two or more enantiomeric forms [38]. In most instances, only one of the 
enantiomeric forms is therapeutically active, while the other enantiomer is either much 
less active, inactive, or sometimes even toxic [39]. At present, it is conceptually accepted 
 3 
that a pair of enantiomers should be treated as two different compounds when exposed to 
a biological system. The United States Food and Drug Administration recommends that 
each isomer of all new drugs should be individually tested [39]. As the enantiomers have 
identical physical properties, they cannot be easily resolved employing the usual 
separation techniques such as fractional distillation. Generally, there are two basic 
approaches to obtain enantiomers: asymmetric synthesis and enantioseparations [40].  
Chemical asymmetric synthesis still remains a favorite route for preparation of 
enantiomers, especially when a large amount of a given enantiomer is required. Chiral 
chromatography techniques which utilize chiral stationary phases and/or chiral mobile 
phases (additives) are successfully employed for enantioseparations, including HPLC 
[41], GC [42], SFC [43], micellar electrokinetic capillary chromatography (MEKC) [44] 
and, more recently, UHPLC [45] and CEC [46-48].  
         To improve enantioseparations, two approaches can be used in chromatography: (a) 
optimizing chromatographic conditions, and (b) using new chiral stationary phases or 
chiral additives in the mobile phase. GC and LC were the first tools employed in the 
separation of enantiomers [36]. Although GC usually offers higher efficiencies due to the 
larger number of available theoretical plates, most chiral compounds of interest have low 
volatilities. This limits the use of this technique for enantioseparations [49]. HPLC has 
become a common technique in the pharmaceutical industry for enantioseparations [41]. 
There are many chiral stationary phases and chiral mobile phase additives widely used in 
HPLC for separating chiral drugs. During the last several years, CE has become a 
powerful technique for enantioseparations when chiral selectors are added to the running 
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buffers [50]. However, many chiral selectors with high UV/visible absorbance and/or 
poor solubility in water are not suitable to be used as CE additives for direct detection. 
        UHPLC is a modern LC technique with high efficiencies and high resolutions. It is 
possible to use long capillary columns to harness the advantage of small nonporous 
particles, i.e., high efficiency is achievable with little loss at high linear velocities [45]. 
High-resolution separations and fast separations are easily obtained. On this basis, 
UHPLC has great potential for fast enantiomeric separations when using chiral stationary 
phases prepared from small nonporous particles [51].  
        CEC is another modern packed column LC technique combining the high efficiency 
of CE with the high selectivity usually obtained in HPLC. The mobile phase in CEC is 
transported through a capillary containing the stationary phase by means of 
electroosmosis instead of pressure [52]. Like other electrophoretic techniques, CEC 
provides a flat flow profile of the mobile phase and provides the possibility of using 
small size particles as stationary phase. This greatly increases efficiencies of separations 
[53]. Therefore, using small size particles of new chiral stationary phases with high 
selectivity in CEC has received much attention and shown good potential for high-
resolution enantioseparations. 
 
1.2 RECENT APPLICATIONS OF CHIRAL LIQUID CHROMATOGRAPHY 
WITH CHIRAL STATIONARY PHASE-PACKED COLUMNS 
1.2.1 High-performance Liquid Chromatography 
         HPLC has been widely used to separate chiral compounds. Various HPLC methods 
can be used for chromatographic separation of enantiomers when some kind of chiral 
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discriminators or selectors are applied [40]. Two types of selectors are distinguished: a 
chiral stationary phase (CSP) and a chiral additive in the mobile phase. The separation of 
enantiomeric compounds on a CSP-packed column is due to differences in energy 
between temporary diastereomeric complexes formed between the solute enantiomers 
and the CSP; the larger the difference, the greater the separation. The observed retention 
results from all the interactions between the solutes and the CSP, including achiral 
interactions [54]. Another HPLC approach is precolumn derivatization of the sample with 
a chiral reagent to produce diastereomeric molecules that can be separated by achiral 
chromatographic techniques. 
         Currently, there are numerous chiral stationary phases and chiral mobile phase 
additives that are commercially available, and that are widely used in HPLC for 
separating chiral compounds. The preparation of novel CSPs for HPLC is still an active 
research area [5,54]. At present, HPLC is a powerful technique used in the 
pharmaceutical industry for enantioseparations. However, HPLC cannot utilize small 
particles and/or long column lengths to obtain high efficiencies because of the pressure 
limitations of conventional pumping systems. One solution to this is ultra-high pressure 
capillary liquid chromatography. 
              
1.2.2 Ultra-high Pressure Capillary Liquid Chromatography 
          In 1997, MacNair et al. introduced UHPLC to overcome the pressure limitations of 
HPLC systems. UHPLC is a modern packed column capillary LC technique with high 
efficiencies and high resolutions. With UHPLC, it is possible to use long capillary 
columns to harness the advantage of small nonporous particles, i.e., high efficiency is 
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achievable with little loss at high linear velocities of the mobile phase [55]. Therefore, 
fast separations with high resolutions are easily obtained. On this basis, UHPLC has great 
potential for fast enantiomeric separations when using CSPs.  
          Using chiral additive in the mobile phase, fast enantioseparation by UHPLC was 
reported by Lee [56]. Our research work has provided the first example of using chiral 
stationary phase in UHPLC for enantioseparations  [57]. It was demonstrated that use of a 
mobile phase chiral additive or a CSP in UHPLC has great advantages for fast 
enantioseparations. 
 
1.2.3 Capillary Electrochromatography 
          CEC is a relatively new microcolumn separation technique, and is considered to be 
a variant of HPLC. As in HPLC, packed capillary columns are used for the separation of 
analytes of interest. The mobile phases are delivered by electroosmotic flow (EOF) [52]. 
This EOF is generated by applying a high voltage across the column. Electroosmotic flow 
in CEC, in contrast to the hyperbolic flow profile of pressure driven flow in HPLC, has a 
nearly flat profile and a more uniform velocity distribution throughout all of the 
interparticle channels, which greatly reduces eddy and trans-channel diffusion. Since no 
pressure drop exists along the column, sub-micron particles can be used to further 
increase the column efficiency [53]. The combined effect of small particle diameter and 
the unique flat flow profile leads to much higher efficiency compared to HPLC. 
         CEC was first proposed by Pretorius [58] in 1974. In the early 1980s, Jorgenson 
and Tsuda [59] demonstrated that CEC could be used to separate neutral aromatic 
compounds that could not be separated by capillary zone electrophoresis (CZE). CEC, 
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however, did not receive much attention until the early 1990s. This resurgence is mainly 
due to a series of publications on both theoretical and experimental aspects of CEC by 
Knox and co-workers [60,61]. They predicted that very small particles, as small as 0.5 
µm, could be used to achieve high efficiency without double layer overlap. Increasingly 
more people are becoming interested in this new technique, and the literature on CEC is 
increasing exponentially [62]. The preparation and application of new types of CSPs for 
CEC is gaining increasing attention. 
         In CEC, neutral solutes are separated by partitioning between the mobile and the 
stationary phase; charged solutes have an additional electrophoretic mobility in the 
applied electric field, and the separation is achieved by the combined effects of 
partitioning and electrophoresis. Therefore both charged and uncharged species can be 
separated according to their differential migration through the column based on the 
solute’s interaction between the two phases or a combination of such interactions and the 
inherent electrophoretic mobilities of the solutes [63,64]. Like other capillary 
electrophoretic techniques, CEC provides a flat flow profile of the mobile phase and 
provides the possibility of using small size particles as stationary phase. This greatly 
increases efficiencies of separations [53]. Therefore, application of new types of small-
size CSPs in CEC has good potential for high-resolution enantiomeric separations. 
Enantiomeric separation by CEC has received considerable attention in recent years and 
has evolved as a powerful technique in the analysis of chiral pharmaceuticals [65,66]. 
Enantioselective drug analysis requires a highly efficient and sensitive method because 
trace enantiomer analysis and the analysis of very complex mixtures are often necessary. 
 8 
        In this research, several new types of crown ether/cyclam capped-β-CD-bonded 
phases, which are based on the silica gel with small particle size, have been pepared and 
used in CEC as CSPs to separate a wide range of chiral drug compounds. These crown 
ether/cyclam-capped β-CD-bonded CSPs are used in CEC to afford a sensitive 
enantioseparation technique with high enantioselectivity and high resolution.   
 
1.3 RECENT DEVELOPMENTS IN THE SYNTHESIS OF BONDED CHIRAL 
STATIONARY PHASES FOR LIQUID CHROMATOGRAPHY 
1.3.1 Types of Chiral Stationary Phases for Liquid Chromatography  
         There are a number of different materials prepared and employed as chiral 
stationary phases for liquid chromatography. Basically, these chiral stationary phases are 
prepared by bonding or coating various chiral selectors onto support materials or by 
polymerizing these chiral molecules. 
         Generally, such chiral stationary phases can be divided into five types [36,67]. (1) 
Protein-based stationary phases. Proteins are composed of chiral unites (L-amino acids), 
and are known to be able to bind small organic molecules [67]. The protein can be 
immobilized on solid support (e.g., silica) by various chemical methods to form this type 
of CSPs [36]. Although the capacity of protein CSPs is limited, they offer broad 
applicability [36,68]. (2) Pirkle-type stationary phases. This type of CSPs consisted of 
relatively small molecular weight chiral substances (e.g., amino acid derivatives) bonded 
to silica support and was pioneered by Pirkle [69,70]. These CSPs resolve a variety of 
chiral compounds. (3) Polymer-based stationary phases. Okamato developed some CSPs 
based on polymers of cellulose and amylase [71], in which the materials were coated onto 
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the silica supports. The chiral recognition mechanism for this type of CSPs is not well 
understood; multiple mechanisms, including fit into cavities, are possible and sucessful in 
many applications. (4) Macrocyclic glycopeptide stationary phases. They are based on 
the macrocyclic glycopeptides (e.g., vancomycin and teicoplanin) [72]. These CSPs 
contain a large number of chiral centers, together with molecular cavities in which solute 
molecules can enter and interact with neighboring groups. (5) Cyclodextrin-based chiral 
stationary phases. These stationary phases contain cyclodextrin-based materials. The 
cyclodextrins and their derivatives are bonded onto support materials such as silica [73-
76]. Cyclodextrins (CDs) are some of the well-known host molecules capable of forming 
an inclusion complex (host-guest complex) with a variety of organic and inorganic 
molecules [77]. Due to its special cavity size, β-cyclodextrin (β-CD) can include a wide 
range of guest molecules. β-CD type of bonded CSPs has been extensively used in LC for 
various compounds and enantiomers [77-81]. The present work focuses on synthesizing 
several new kinds of this type of CSPs with applications in HPLC, UHPLC and CEC.  
 
1.3.2 Preparation of β-Cyclodextrin Type of Chiral Stationary Phases 
         The β-cyclodextrin type of CSPs can be prepared by anchoring the native or 
modified β-CDs onto silica support via different synthetic methods [82-88]. Generally, 
these methods can be classified by three main approaches. First, a spacer arm is grafted 
on silica support and then the β-CD is reacted with the reactive terminal group of the 
grafted spacer arm [86]. Second, the spacer arm is coupled to the β-CD first and then 
another reactive group of the spacer arm is reacted with silanol groups on the surface of 
silica support [87]. Third, part of the spacer arm is grafted to the silica support and 
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another part is coupled to the β-CD, and then the CSP is formed via the reaction of the 
reactive groups of these two parts [82-85, 88]. In the first and third methods, the presence 
of unreacted groups of spacers exhibits complex retention properties. In view of this, the 
second method was used in the present work for preparation of the bonded CSPs. 
         The cyclodextrin bonded CSP was first prepared by Fujimura [82] and Kawaguchi 
[83] by attaching various CDs to silica gel via different ethylenediamine linkages. The 
positional isomers of several disubstituted benzene derivatives were effectively separated 
on these bonded phases. Haginaka [89] reported a mixed β-CD/diol bonded phase for 
direct serum injection assay of drug enantiomers. In this phase, β-CD was bonded to the 
base silica gel by carbamate linkages, as reported by Fujimura et al. [90]. Armstrong and 
Ward reported that this kind of nitrogen-containing linkage was hydrolytically unstable 
[72,91], and developed a method for the preparation of a β-CD-bonded phase by an ether 
linkage [86,91]. Baseline separation of several enantiomers of dansylamino acids and 
barbiturates was achieved on these bonded phases.  
         For CD-bonded stationary phases, one interesting development is cyclodextrin 
derivatization [92]. Derivatization of hydroxyl groups involves altering the slope, size 
and other physical properties of the CD annuli and surfaces, and introducing new 
functional groups [77]. This enhances the inclusion of guest molecules in the CDs. 
Armstrong et al. [93] demonstrated that derivatized CD stationary phases show a definite 
enantioselectivity for a variety of compounds in the normal-phase mode. Kuroda [88] 
reported the first example of a chemically-bonded 2,3,6-O-trimethyl-β-CD stationary 
phase by introducing the β-CD to aminopropylsilica gel via a carbamate linkage. The 
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bonded phases exhibited significant enantioseparation abilities for various aromatic 
compounds under reversed-phase conditions. 
         One drawback in utilizing cyclodextrins is the low binding constants for most guest 
molecules [94]. It was reported that diaza-18-crown-6 capped β-CD exhibited high 
binding constants for several guest molecules [94,95]. Recently, it was shown that the 
combination of a crown ether and β-CD as CE additive sometimes produced better 
enantioseparations than did either selector alone [44,96]. Therefore, we reasoned that 
using crown ether/cyclam capped cyclodextrin type stationary phases should have good 
potential for enantioseparations due to their excellent enantioselectivities. Although 
crown ether-capped β-CD has already been used to model the receptor sites of enzymes 
for a long time [95], its use as a stationary phase selector for chromatography has seldom 
been studied. It was reported that benzo-aza-15-crown-5 capped β-CD used as a 
stationary phase in GC showed excellent enantioselectivity [97]. 
        Synthesis of bonded crown-ether capped β-CD type of CSP is difficult because 
selective modification of the primary and secondary hydroxyl groups of β-CD is 
complicated and very difficult to control due to statistical and steric problems [77]. β-
Cyclodextrin has 21 hydroxyl groups available for reaction to anchor it onto silica gel. 
The seven primary C(6) hydroxyls are on the narrow rim of the CD torus while the 14 
secondary C(2) and C(3) hydroxyl groups are on the wide rim of the CD torus. Since the 
primary hydroxyl groups are more nucleophilic, more basic and less sterically hindered 
than the secondary hydroxyl groups [77], the former exhibit greater reactivity than the 
latter [98]. Hence, almost all the β-CDs in the reported CSPs for HPLC are connected 
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with the spacer arm at the primary hydroxyl position, or randomly connected at primary 
or secondary hydroxyl position  [36,99].  
       D′Souza and co-workers [100,101] reported a convenient method for the 
monofunctionalization of cyclodextrins at the C(2) position involving deprotonation of 
cyclodextrin by sodium hydride followed by nucleophilic attack of the resultant 
cyclodextrin oxyanion on the desired electrophile reagent. In the present work, we have 
developed this method to anchor the β-CD onto silica particles by using 3-
glycidoxypropyltrimethoxysilane to react with the 2-O-cyclodextrin oxyanion [102]. 
Then, this β-CD-bonded silica was derivatized primarily at C(6) position by treatment 
with bromoacetyl bromide, and finally reacted with several kinds of amine-containing 
crown ethers and cyclams to form new types of crown ether/cylcam-capped β-CD-
bonded phases [102,103]. It is found that crown ether/cyclam-capped β-CD-bonded CPSs 
exhibit high enantioselectivity when used as LC chiral stationary phases [104,105].  
 
 
1.4 GENERAL OBJECTIVES 
 
        The main objective of this research is to synthesize a series of novel crown ether and 
cyclam-capped β-cyclodextrin-bonded silica particles and to apply them as chiral 
stationary phases in LC to develop enantioseparation techniques with high efficiency and 
high resolution. The synthesis of the bonded silica particles via a successive multiple-step 
liquid-solid phase reaction on the silica gel surface, is reported. β-CD is anchored onto 
silica support, derivatized by treatment with bromoacetyl bromide, and finally reacted 
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with several amine-containing crown ethers/cyclams. Furthermore, the evaluation and 
application of chiral stationary phases based on porous and nonporous silica particles of 
different particle size for HPLC, UHPLC and CEC are presented. The potential for fast 
enantioseparation in UHPLC and CEC using the new CSPs with high enantioselectivity 
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SYNTHESIS OF CROWN ETHER AND CYCLAM-CAPPED β-




         The development of new chiral stationary phases (CSPs) with high selectivities to 
separate chiral molecules is one of the most active areas in liquid chromatography (LC); 
chiral LC is an important technique in the pharmaceutical industry. Both cyclodextrins 
and crown ethers have been shown to be effective chiral selectors for enantioseparations 
[1]. Many chiral LC separations have been accomplished using β-cyclodextrin-type 
bonded silica particles as CSPs [2].  
          β-Cyclodextrin (β-CD, its structure is shown in Figure 2.1) has 21 hydroxyl groups 
available for reaction to anchor it onto silica gel. The seven primary C(6) hydroxyls are 
on the narrow rim of the CD torus while the 14 secondary C(2) and C(3) hydroxyl groups 
are on the wide rim of the CD torus. Since the primary hydroxyl groups are more 
nucleophilic, more basic and less sterically hindered than the secondary hydroxyl groups 
[4], the former exhibit greater reactivity than the latter [5]. Hence, in β-cyclodextrin type 
bonded silica particles, almost all of the β-CDs were connected with a spacer arm at the 
primary C(6) hydroxyl position (on the narrow rim of the β-CD torus), or randomly 
connected at primary or secondary hydroxyl groups [3,6]. There have been very few 
CSPs that involve the anchoring of β-CD at the secondary group position [7]. We have 
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established a method [8] to synthesize bonded β-CD silica gels with the β-CD anchored 
at the C(2) hydroxyl position, leaving the more reactive C(6) hydroxyl groups for further 








Figure 2.1 Structure of β-cyclodextrin 
 
          It was reported that one drawback in utilizing cyclodextrins is the low binding 
constants for most guest molecules [9]. Willner and Goren [10] and Park [9] reported that 
diaza-18-crown-6-capped β-CD (shown in Figure 2.2)  exhibited  high  binding  constants  
 
                                                (A)                                    (B) 
Figure 2.2 (A) Structure of diaza-18-crown-6-capped β-CD and (B) binding mode of 
aza-18-crown-6-capped β-CD with p-nitrophenolate in the presence of alkali metal 
cations 
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for several guest molecules due to the cooperative function of the β-CD and the crown 
ether. Suzuki [11] reported that binding constants of benzo-X-crown-Y (X = 15, 18 and Y 
= 5, 6)-capped β-CD (shown in Figure 2.3) for tryptophan were greatly improved by the 
combined effects of hydrophobic binding by the β-CD cavity and ammonium cation 
binding by the benzocrown moiety. Although crown ether-capped β-CD has already been  
 
 
                                        (A)                                                (B) 
Figure 2.3 Schematic illustrations of plausible conformation of (A) benzo-15-crown-5-
capped β-CD and (B) benzo-18-crown-6-capped β-CD binding with tryptophan, focusing 
on the difference in the ammonium-crown interaction 
 
 
used to model the receptor sites of enzymes for a long time [10], its use as a stationary 
phase selector for chromatography has been seldom studied. It was reported that the use 
of benzo-aza-15-crown-5-capped β-CD as a stationary phase in GC showed excellent 
enantioselectivity [12]. Because of statistical and steric problems, synthesis of crown 
ether-capped β-CD-bonded stationary phases is very difficult and complicated. Recently, 
it was shown that the combination of a crown ether and β-CD as a CE additive sometimes 
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produced better enantioseparations than did either selector alone [13,14]. However, many 
crown ethers and derivatized CDs with high UV/visible absorbance or poor solubility in 
water cannot be used as CE additives for the direct detection. Alternatively, they can be 
bonded onto silica support to be used as CSPs in LC [15]. We have established a 
convenient method involving successive multiple-step liquid-solid phase reactions on the 
silica surface to prepare crown ether-capped β-CD-bonded silica particles for use as new 
CSPs in LC. These new type of CSPs are shown to have excellent enantiomeric 
selectivities for a wide range of chiral compounds [16-18]. 
         Since cyclams have similar structures and properties as crown ethers [19], it is of 
interest to us to prepare cyclam-capped β-CD-bonded silica particles for comparison with 
our previously synthesized crown ether-capped β-CD particles. We have developed a 
synthetic method to prepare two types of cyclam-capped β-CD-bonded silica particles 
[15]. Better enantioselectivities were obtained using the cyclam-capped β-CD-bonded 




2.2 RESULTS AND DISCUSSION 
 
         Selective modification of the primary and secondary hydroxyl groups of β-CD is 
complicated and very difficult to control because of statistical and steric problems. 
D′Souza and co-workers [20,21] reported a convenient method for the 
monofunctionalization of cyclodextrins at the C(2) position involving deprotonation of 
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cyclodextrin by sodium hydride followed by nucleophilic attack of the resultant 
cyclodextrin oxyanion on the desired electrophile reagent. We used this method to anchor 
the β-CD onto the silica support using 3-glycidoxypropyltrimethoxysilane to react with 
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Scheme 2.1 Synthesis of β-CD-bonded silica particles 
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        Since the C(2) hydroxyl groups of β-CD are the most acidic, and the C(3) hydroxyl 
groups are more acidic than the C(6) hydroxyl groups [4], the first reaction shown in 
Scheme 2.1 for the deprotonation of the hydroxyl group with 1 equivalent of sodium 
hydride takes place at the β-CD C(2) position in a quantitative yield [20]. Compound 2, 
β-CD with the monooxyanion in the C(2) position, was treated with 3-
glycidoxypropyltrimethoxysilane to form (3-(β-cyclodextrin)-2-hydroxypropoxy)-
propylsilane 3. The latter compound was fused onto silica to form (3-(β-cyclodextrin)-2-
hydroxypropoxy)-propylsilyl-appended silica particles 4 by heating a mixture of 
compound 3 and activated silica in dimethylformamide. Compound 4 was treated with 
naphthyl-(1)-iso-cyanate to form naphthylcarbamate-substituted (3-(β-cyclodextrin)-2-
hydroxypropoxy)-propylsilyl-appended silica particle 5. Scheme 2.1 showed a simple and 
convenient method to synthesize bonded β-CD silica particles [15,16]. 
         The syntheses of the crown ether-capped β-CD-bonded silica materials (7-10) are 
shown in Scheme 2.2. Compound 4 was first treated with seven equivalents of 
bromoacetyl bromide to form compound 6. Due to the fact that the C(6) hydroxyl groups 
are more reactive than those at C(2) or C(3), we deduce that the majority of the 
bromoacetate units are attached at the C(6) position. Thus, compound 6 has β-CD 
containing a few 6-O-bromoacetate groups and is attached to silica through its 2-O 
position as shown in Scheme 2.2 [15,16]. Compound 6 was then treated with the 
appropriate amine-containing crown ethers to form the crown ether-capped β-CD-bonded 
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Scheme 2.2 Synthesis of crown ether-capped-β-CD-bonded silica particles 
Conditions: a) acetonitrile and potassium carbonate; b) 4'-aminobenzo-15-crown-5; c) 4'-
aminobenzo-18-crown-6; d) 8-aminoquinoline-2-ylmethyl-substituted diaza-18-crown-6 
and e) 8-aminoquinoline-7-ylmethyl substituted diaza-18-crown-6. 
 
 
          After inclusion of a metal ion (e.g. Ni2+, K+) from the mobile phase into the diaza-
18-crown-6 unit, 9 and 10 became positively charged and the two 8-aminoquinoline side 
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arms of the lariat crown ether moved to the same side of the crown ring as shown in 
Scheme 2.3 [15]. 
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Scheme 2.3 Structures of two type of crown ether-capped -β-CD-bonded silica particles 
after inclusion of metal ion 
 
 
         For comparison with crown ether capped β-CD-bonded silica particles, two crown 
ether bonded silica particles 14 and 15 were synthesized as reported [24] by using 4′-
aminobenzo-15-crown-5 and 4′-aminobenzo-18-crown-6 as the crown ether materials. 























Scheme 2.4 Synthesis of crown ether bonded silica particles 
 
       Since cyclams have similar structures and properties to crown ethers, it is of interest 
to us to prepare cyclam-capped β-CD particles for comparison with our previously 
synthesized crown ether-capped β-CD particles. The synthetic strageties for the synthesis 
of the required cyclam ligands 19 and 23 are outlined in Scheme 2.5. Tris-t-butyl 
carbamate-substituted cyclam 16 was synthesized as previously described [25]. 
Compound 18 was synthesized by reductive amination of 8-benzenesulfonamido-2-
quinolinecarboxaldehyde 17 [26] with 16 using NaBH(OAc)3 as the reducing agent in 
85% yield. Removal of the Boc-protecting groups was easily accomplished in an 
excellent yield (95%) using CF3CO2H to give ligand 19. The key intermediate 20 for 
ligand 23 has already been prepared using formaldehyde and cyclam as the starting 
reagents [27]. Treatment of 20 with 2-(bromomethyl)-6-(hydroxymethyl)-pyridine 21 [28] 
in CH3CN gave disubstituted macrotricycle 22 in 90% yield. Ligand 23 was obtained 



































































Scheme 2.5 Synthesis of the two substituted cyclam ligands 
 
        Compound 6 was then treated with the two substituted cyclams to form the cyclam-
capped β-CD-appended silica particles 24 and 25. Since the amine groups in the cyclam 
ring are more reactive than the other functional groups in cyclams 19 and 23, the two 
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cyclams must be appended to the β-CD via the nitrogen atom(s) in the ring [16] as shown 
in the Scheme 2.6. Because of steric constraints, it is unlikely that the cyclam is attached 
to the β-CD via two linkages, although there are two or three amine groups in the 
substituted cyclam rings.  
23
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Scheme 2.6 Synthesis of the cyclam-capped β-CD-bonded silica particles 
 
            In summary, several new types of crown ether bonded silica particles, β-CD-
bonded silica particles, crown ether and cyclam-capped β-CD-bonded silica particles 
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were synthesized using a convenient successive multiple-step liquid-solid phase reaction 





2.3.1 Reagents and Materials 
         The chemicals used in preparing the bonded phases, solvents, and reagents used in 
the chromatographic experiments were supplied pure, or were repurified when necessary. 
β-CD was purchased from Merck (Schuchardt, Hobenbrum, Germany) and Sigma (St. 
Louis, MO, USA) and dried in 0.1-mmHg vacuum at 120oC for 12 h. Bare silica gel 
particles (5 µm and 3 µm, 100 Å) were obtained from Merck (Darmstadt, Germany). 
Porous bare silica gel particles (1.5 µm, 100 Å) bare silica gel particles (1.5 µm) were 
obtained from Alltech Exsil (Deerfield, IL, USA). Nonporous bare silica particles (1.5 
µm) were purchased from Micra Scientific (Darien, IL, USA). 3-
Bromopropyltriethoxysilane and 3-glycidoxypropyltrimethoxysilane were obtained from 
Merck (Schuchardt) and redistilled under reduced pressure before use. Pyridine was 
purchased from J.T.Baker (Phillipsburg, NJ, USA), and was distilled after refluxing over 
KOH for 6 h and over BaO for another 12h. N,N-Dimethylformamide (DMF) was 
obtained from Fisher Scientific (Fair Lawn, NJ, USA), and was distilled under reduced 
pressure after refluxing over CaH2 for 6h. Naphthyl-(1)-iso-cyanate (Merck, Schuchardt) 
was redistilled under reduced pressure before use. Water was processed with a Barnstead 
NANOpure ultrapure water system (Dubuque, IA, USA). HPLC-grade toluene, 
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acetonitrile, dichloromethane, triethylamine, methanol and 2-propanol (IPA) were all 
purchased from Fisher Scientific. Anhydrous dichloromethane was prepared by distilling 
after refluxing over calcium hydride for 6 hours. Anhydrous triethylamine was prepared 
by distilling after refuxing over potassium hydroxide for 6 hours. Anhydrous toluene was 
prepared by distilling after refuxing over sodium metal for 6 hours. Analytical-grade 
sodium hydride (60%), sodium hydroxide, potassium hydroxide and sodium metal were 
all purchased from Fluka (Buchs, Switzerland). Analytical-grade calcium hydride was 
purchased from Spectrum (New Brunswick, NJ, USA). Phosphoric acid (85%) was 
obtained from Carlo Erba (Milan, Italy). Hydrochloric acid and Tris (base) were 
purchased from J.T. Baker (Phillipsburg, NJ, USA). Bromoacetyl bromide was obtained 
from Aldrich (Milwaukee, WI, USA). 4′-aminobenzo-15-crown-5 and 4′-aminobenzo-18-
crown-6 were purchased from Tokyo Chemical Industry (Tokyo, Japan). 8-
Aminoquinoline-2-ylmethyl-substituted diaza-18-crown-6 and 8-aminoquinoline-7-
ylmethyl substituted diaza-18-crown-6 were kindly provided by Professor J. S. Bradshaw 
and were prepared as reported [26]. The two cyclam ligands 19 and 23 were gifts from 
Professor J. S. Bradshaw and their synthetic strageties are outlined in Scheme 2.5 [16].  
 
2.3.2 Synthesis of β-CD-bonded Particles CD-HPS, NCCD-HPS and BACD-HPS 
(Scheme 2.1) [14] 
2.3.2.1 Preparation of (3-(β-Cyclodextrin)-2-hydroxypropoxy)-propylsilyl-appended 
Silica (CD-HPS) Particles (4) 
         Typically 4.54 g of β-CD 1 (4 mmole) was dried under vacuum at 120oC overnight. 
After cooling, the β-CD was dissolved in 90 mL of anhydrous DMF. To the solution, 
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0.16 g of 60% sodium hydride (NaH, 4 mmole) was added. The mixture was stirred under 
dry nitrogen at room temperature until the solution became clear. 3 mmoles of 3-
glycidoxypropyltrimethoxysilane was then added to the solution. This reaction mixture 
was stirred continuously under dry nitrogen at 70 oC. The concentration of epoxy group 
in the reaction mixture was monitored by means of GC and anhydrous solvent titration as 
reported by He [29]. After the epoxy group in the glycidoxypropyltrimethoxysilane had 
almost completely disappeared (usually about 4 h later), 4 g activated silica gel (porous, 5 
µm), previously dried in vacuum at 120oC for 12h, was added into the reaction mixture 
and the reaction temperature was gradually increased to 110 oC within 4 h.  The reaction 
was continued for another 20 h. Compound 4 (CD-HPS) was filtered, washed 
successively with DMF, water and methanol, purified by Soxhlet extraction with acetone 
and dried overnight under vacuum at 80oC. After cooling, the bonded silica gel weighed 
5.22g (weight increase 30.5%). An elemental analysis for C, 8.91 and H, 1.96 showed the 
concentration of β-CD anchored onto compound 4 as 185 µmol g-1. The concentration (αc) 
was calculated according to the equation [30,31]:   
               αc = %C × 106/(1200 Nc - %C [M-1])                         (Equation 2.1) 
where %C is the measured carbon percentage, Nc is the number of carbon atoms in the 
bonded ligand, and M is the molecular weight of the bonded ligand. 
 
2.3.2.2 Preparation of Naphthylcarbamate-substituted (3-(β-Cyclodextrin)-2-
hydroxypropoxy)-propylsilyl-appended Silica (NCCD-HPS) Particles (5) 
          Compound 4 (4 g, 5 µm) was added to 140 mL anhydrous pyridine, An excess of 
naphthyl-(1)-iso-cyanate was added to the reaction mixture and the reaction was 
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continued for 24h at 90oC under dry nitrogen. Compound 5 (NCCD-HPS) was filtered, 
washed successively with hot acetone, pyridine, and methanol, purified by Soxhlet 
extraction with acetone overnight and dried for 6h under vacuum at 60 oC. After cooling, 
compound 5 weighed 5.05 g (weight increase 26.3%). An elemental analysis of C, 26.23; 
H, 3.46 and N, 2.60 gave a concentration of the naphthycarbamate moieties in compound 
5 (NCCD-HPS) of 1.7 mmol g-1 (M-1 in equation (2.1) was substituted by M) [30]. The 
degree of substitution of naphthycarbamate was calculated to be 9.11. 
 
2.3.2.3 Preparation of Bromoacetate-substituted (3-(β-Cyclodextrin)-2-hydroxypropoxy)-
propylsilyl-appended Silica (BACD-HPS) Particles (6) 
           Typically, 0.5 g of compound 4 (prepared from 3 µm bare porous silica, an 
elemental analysis for C, 8.77 and H, 2.12 showed the concentration of anchored β-CD as 
181 µmol g-1) was added to 20 mL of anhydrous dichloromethane. One drop of 
anhydrous triethylamine was added to the mixture, which was then stirred under dry 
nitrogen in an ice bath while seven equivalents of bromoacetyl bromide (56.4 µl) in 10 
mL of anhydrous dichloromethane were dropped into it in an ice bath for over a period of 
2 h. This reaction mixture was then allowed to react for 24 h under dry nitrogen at room 
temperature. Product 6 (BACD-HPS) was filtered, washed successively with 
dichloromethane, acetone, water and methanol, purified by Soxhlet extraction with 
acetone, and dried overnight under vacuum at 50oC.  Elemental analysis of C, 10.15; H, 
2.09; and Br, 4.81, gave a concentration of bromoacetate groups in compound 6 of 618 
µmole g-1. The degree of substitution of bromoacetate was calculated to be 3.4.  
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2.3.3 Synthesis of Crown Ether-capped β-CD-bonded Particles AB15C5-CD-HPS, 
AB18C6-CD-HPS, AQ2D18C6-CD-HPS and AQ7D18C6-CD-HPS (Scheme 2.2) 
2.3.3.1 Preparation of Aminobenzo-15-crown-5-capped (3-(β-Cyclodextrin)-2-
hydroxypropoxy)-propylsilyl Silica (AB15C5-CD-HPS) Particles (7) 
          A 0.25 g of compound 6 (3 µm) was added to 20 mL of acetonitrile containing 5 
equivalents of 4′-aminobenzo-15-crown-5 (70 mg) and 8 mg of potassium carbonate. The 
reaction mixture was refluxed for 24 h under dry nitrogen. Product 7 was filtered, washed 
successively with acetonitrile, water, acetone and methanol, purified by Soxhlet 
extraction with acetone overnight, and dried for 6 h under vacuum at 50 oC.  Elemental 
analysis of C, 12.80; H, 1.99; N, 0.31, gave concentrations of the benzo-15-crown-5 in 
compound 7 as 165 µmole g-1 (for carbon content) and 221 µmole g-1 (for nitrogen 
content). The average degree of substitution of the benzo-15-crown-5 was calculated to 
be 1.1 (approximately one β-CD molecule was capped by one crown ether). 
 
2.3.3.2 Preparation of Aminobenzo-18-crown-6-capped (3-(β-Cyclodextrin)-2-
hydroxypropoxy)-propylsilyl Silica (AB18C6-CD-HPS) Particles (8) 
           Compound 8 was prepared as for 7 above by treating 6 with 4′-aminobenzo-18-
crown-6. Elemental analysis of C, 13.21; H, 2.03; N, 0.29 gave the concentration of 
benzo-18-crown-6 in compound 8 to be 168 µmole g-1 (for carbon content) or 207 µmole 
g-1 (for nitrogen content). The average degree of substitution of benzo-18-crown-6 was 
calculated to be 1.0.  
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2.3.3.3 Preparation of 8-Aminoquinoline-2-ylmethyl Diaza-18-crown-6-capped (3-(β-
Cyclodextrin)-2-hydroxypropoxy)-propylsilyl Silica (AQ2D18C6-CD-HPS) Particles (9) 
          Compound 9 was prepared as for 7 above using 1.5 µm nonporous bonded silica 
particles 4 (elemental analysis for C, 1.73 and H, 0.63 showed the concentration of 
anchored β-CD anchored as 29.99 µmol g-1) and 6 (elemental analysis for C, 2.02; H, 
0.69 and Br 1.21) and 8-aminoquinoline-2-ylmethyl diaza-18-crown-6 as materials. Since 
the concentration of silanol groups on the nonporous silica particle surface was less than 
that for porous silica particles, the concentration of bonded functional groups is, therefore, 
lower for the nonporous bonded silica. An elemental analysis for C, 4.16; H, 0.44 and N 
0.22 of compound 9 (AQ2D18C6-CD-HPS) showed the concentration of 8-
aminoquinoline-2-ylmethyl diaza-18-crown-6 to be 57.50 µmole g-1 (for carbon content) 
or 26.17 µmole g-1 (for nitrogen content). The average degree of substitution of 8-
aminoquinoline-2-ylmethyl diaza-18-crown-6 was calculated to be 1.39.  
 
2.3.3.4 Preparation of 8-Aminoquinoline-7-ylmethyl Diaza-18-crown-6-capped (3-(β-
Cyclodextrin)-2-hydroxypropoxy)-propylsilyl Silica (AQ7D18C6-CD-HPS) Particles (10) 
           Compound 10 was prepared as for 9 above by treating 1.5 µm nonporous bonded 
silica particles 6 with 8-aminoquinoline-7-ylmethyl-substituted diaza-18-crown-6. 
Elemental analysis of C, 3.12; H, 0.71; N, 0.21 gave the concentration of benzo-18-
crown-6 in compound 10 (AQ7D18C6-CD-HPS) to be 29.60 µmole g-1 (for carbon 
content) or 25.00 µmole g-1 (for nitrogen content). The average degree of substitution of 
8-aminoquinoline-7-ylmethyl-substituted diaza-18-crown-6 was calculated to be 0.92. 
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2.3.4 Synthesis of Crown Ether-bonded Stationary Phase AB15C5-PS and AB18C6-
PS (Scheme 2.4) 
2.3.4.1 Preparation of 3-(4′-Aminobenzo-15-crown-5)-propylsilyl-appended Silica 
(AB15C5-PS) Particles (14)  
         Compound 14 was synthesized as reported [24] by using 4′-aminobenzo-15-crown-
5 as the crown ether material. Briefly, 0.3 g of compound 11 (3 µm, porous, elemental 
analysis: C, 4.84 and H, 1.09) was added to 30 mL of acetonitrile containing 3 
equivalents (56 mg) of 12 (4′-aminobenzo-15-crown-5) and 15 mg of potassium 
carbonate. The reaction mixture was refluxed for 12 h under dry nitrogen. Product 14 
(AB15C5-PS) was filtered, washed successively with acetonitrile, water, acetone and 
methanol, purified by Soxhlet extraction with acetone overnight, and dried for 6 h under 
vacuum at 50 oC. Elemental analysis of C, 8.64; H, 1.27; N, 0.30, gave concentrations of 
the benzo-15-crown-5 in compound 14 as 214 µmole g-1 (for carbon content) or 216 
µmole g-1 (for nitrogen content). 
 
2.3.4.2 Preparation of 3-(4′-Aminobenzo-18-crown-6)-propylsilyl-appended Silica 
(AB18C6-PS) Particles (15)  
           Compound 15 was prepared as for 14 above by treating 11 with 4′-aminobenzo-
18-crown-6. Elemental analysis of C, 8.41; H, 1.33; N, 0.29 gave the concentration of 
benzo-18-crown-6 in compound 15 to be 198 µmole g-1 (for carbon content) or 207 
µmole g-1 (for nitrogen content). 
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2.3.5 Synthesis of Cyclam-capped β-CD-bonded Silica Particles MCCD-HPS and 
DCCD-HPS (Scheme 2.6) [16] 
2.3.5.1 Preparation of Monosubstituted Cyclam-capped (3-(β-Cyclodextrin)-2-
hydroxypropoxy)-propylsilyl-appended Silica (MC-CD-HPS) Particles (24) 
         Compound 24 was prepared as for 7 above using 1.5 µm porous bonded silica 
particles 4 (elemental analysis for C, 7.91 and H, 1.92 showed the concentration of 
anchored β-CD anchored as 161 µmol g-1) and 6 (elemental analysis for C, 9.16; H, 1.86 
and Br, 4.28) and monosubstituted cyclam 19 as materials. An elemental analysis of C, 
13.95; H, 1.89; N, 1.43 gave concentrations of the monosubstituted  cyclam in compound 
24 as 166 µmol g-1 (for carbon content) and 170 µmol g-1 (for nitrogen content). The 
average degree of substitution of the monosubstituted cyclam was calculated to be 1.04.  
 
2.3.5.2 Preparation of Disubstituted Cyclam-capped (3-(β-Cyclodextrin)-2-
hydroxyproxy)-propylsilyl-appended Silica (DCCD-HPS) Particles (25) 
           Compound 25 was prepared as for 24 above by treating 1.5 µm porous bonded 
silica particles 6 with disubstituted cyclam 23. The elemental analysis of C, 13.07; H, 
1.85; N, 1.32 gave the concentration of the disubstituted cyclam in compound 25 to be 
158 µmol g-1 (for carbon content) or 157 µmol g-1 (for nitrogen content). The average 
degree of substitution of the disubstituted cyclam was calculated to be 0.98.  
 
2.3.6 Fourier Transform Infrared Spectroscopic Analysis of the Bonded Silica 
Particles 
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        Fourier transform infrared spectroscopic (FTIR) analysis of the bonded silica 
particles, in comparison with the bare silica spectrum, showed a weak broad absorption 
band at 3400-3600 cm-1 that is characteristic of the silanol stretching frequency for bare 
silica. All of the bonded silica particles (4-10,14,15,24,25) exhibit peaks at 2850 and 
2925 cm-1 for the C-H aliphatic CH2 stretching frequencies. In addition, crown 
ether/cyclam-capped silica particles (7-10,24,25) exhibited weak bands around 3300-
3400 cm-1 for the N-H stretching frequencies; 1505-1545 cm-1 for the aromatic C=C 
stretching frequencies; and 500-950 cm-1 for the characteristic stretching frequencies of 




(A) FTIR spectrum of bare porous silica particles (KBr pellet) 
 41 
 (B) 




(C) FTIR spectrum of compound 4 (CD-HPS, KBr pellet) 
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 (D) 
(D) FTIR spectrum of comound 5 (NCCD-HPS, KBr pellet) 
 
(E) 








(G) FTIR spectrum of compound 8 (AB18C6-CD-HPS, KBr pellet) 
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 (H) 
(H) FTIR spectrum of compound 9 (nonporous AQ2D18C6-CD-HPS, KBr pellet) 










(K) FTIR spectrum of compound 15 (AB18C6-PS, KBr pellet) 
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 (L) 
(L) FTIR spectrum of compound 24 (MCCD-HPS, KBr pellet) 
 
(M) 
(M) FTIR spectrum of compound 25 (DCCD-HPS, KBr pellet) 
 
Figure 2.3 Typical FTIR spectra of the bare silica and bonded silica particles 
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2.4 CONCLUDING REMARKS 
 
              β-Cyclodextrin was anchored onto silica support to form (3-(β-cyclodextrin)-2-
hydroxyproxy)-propylsilyl appended silica particles (CD-HPS). Derivatisation of CD-
HPS with excess naphthyl-(1)-iso-cyanate gave naphthylcarbamate substituted (3-(β-
cyclodextrin)-2-hydroxypropoxy)-propylsilyl-appended silica particles. CD-HPS was 
derivatized primarily at the more reactive and less sterically hindered C(6) position by 
treatment with seven equivalents of bromoacetyl bromide to form bromoacetate-
substituted (3-(β-cyclodextrin)-2-hydroxypropoxy)-propylsilyl-appended silica particles 
(BACD-HPS), and finally, the crown ether and cyclam-capped β-CD-bonded silica 
particles were obtained by treatment of BACD-HPS with four kinds of amine-containing 
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APPLICATON OF CD-HPS AND NCCD-HPS AS STATIONARY PHASES FOR 




          With the development of bonded stationary phase, the separation selectivity of 
HPLC can be improved by tailoring the molecular structure and property of the bonded 
column packing material to a particular analytical problem [1]. Chiral stationary phases 
based on β-CDs and their derivatives are widely used in HPLC [2-6]. The cyclodextrin-
bonded CSPs were first prepared by Fujimura [7] and Kawaguchi [8] by attaching various 
CDs to silica gel via different ethylenediamine linkages. The positional isomers of 
several disubstituted benzene derivatives were effectively separated on these bonded 
phases. Haginaka [9] reported a mixed β-CD/diol bonded phase for direct serum injection 
assay of drug enantiomers. In their phase, β-CD was bonded to the base silica gel by 
carbamate linkages, as reported by Fujimura et al. [10]. Armstrong and Ward reported 
that this kind of nitrogen-containing linkage was hydrolytically unstable [11,12], and 
developed a method for the preparation of a β-CD-bonded phase by an ether linkage 
[12,13]. Baseline separation of several enantiomers of dansylamino acids and barbiturates 
was achieved on these bonded phases. 
          For CD-bonded stationary phases, one interesting development is cyclodextrin 
derivatization. Derivatized CD stationary phases are developed to change and broaden the 
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enantioselectivity of CD-based CSPs to different compounds. Derivatization of hydroxyl 
groups involves altering the slope, size and other physical properties of the CD 
macrocyles and surfaces, and introducing new functional groups [14]. This enhances the 
inclusion of guest molecules in the CDs [15]. The first example of derivatised β-CD 
bonded CSP was introduced by Kuroda [4]. Armstrong [16] and Felix [2,5] prepared a 
series of partly substituted β-CD-bonded phases having different types of phenyl or 
naphthyl carbamate substituents by bonding β-CD to silica gel using a post-
immobilization derivatisation procedure. Those derivatised β-CD bonded stationary 
phases showed a definite enantioselectivity for a variety of compounds. Recently, Ryu 
and co-workers [17,18] prepared native β-CD, 3-O-methyl-β-CD and 2,3-di-O-methyl-β-
CD-bonded CSPs and studied the different enantioselectivity of tryptophan analogues on 
those substituted β-CD-bonded CSPs. Armstrong and co-workers [19] examined the 
different enantioselectivities of native β-CD and 2,3-methylated β-CD bonded CSPs. 
They found that the steric interactions at the wider torus rim of the 2,3-methylated β-CD 
cavity enhance the enantioseparation of some chiral compounds. 
          We have developed a convenient method [20, 21] to prepare (3-(β-cyclodextrin)-2-
hydroxypropoxy)-propylsilyl-appended silica particles (CD-HPS) and naphthylcarbamate 
substituted (3-(β-cyclodextrin)-2-hydroxypropoxy)-propylsilyl-appended silica particles 
(NCCD-HPS) using a successive multiple-step liquid-solid phase reaction on the surface 
of silica gel (Scheme 2.1). The CD-HPS is a kind of native β-CD bonded stationary phase, 
which is also a useful synthetic intermediate for preparation of various crown 
ether/cyclam-capped β-CD-bonded CSPs. The NCCD-HPS is a kind of derivatised β-CD 
bonded silica particles. 
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          The present research reports the application of CD-HPS and NCCD-HPS as 
stationary phases for HPLC. The performance of CD-HPS and NCCD-HPS has been 
evaluated by the separation of disubstituted benzene isomers and enantiomers of some 





3. 2.1 Reagents and Materials 
β-CD was purchased from Merck (Schuchardt, Hobenbrum, Germany) and was 
dried in 0.1-mmHg vacuum at 120oC for 12h before use. Bare silica gel (5 µm) was 
obtained from Merck (Darmstadt, Germany). The rest of the reagents and starting 
materilas were purchased from commercial resouces and treated as standard procedures 
(refer to Section 2.3.1). 
 
3.2.2 Apparatus 
            The HPLC system consisted of a Perkin Elmer (Norwalk, CT, USA) LC 250 
binary pump, Perkin Elmer LC 290 UV spectrometric detector, a Rheodyne (Cotati, CA, 
USA) model 7125 injector with a 20 µl loop, and a Shimadzu (Tokyo, Japan) C-R6A 
integrator. A Bio-Rad (Hercules, CA, USA) Model FTS165 instrument was used for 




3.2.3 Preparation of Bonded Stationary Phases 
          We reported a convenient method to prepare the bonded stationary phases using a 
successive multiple-step liquid-solid phase reaction on the surface of silica gel [20]. β-
CD was anchored onto silica particles by treatment of 3-glycidoxypropyltrimethoxysilane 
with the 2-O-cyclodextrin oxyanion [22,23] to prepare CD-HPS. NCCD-HPS was 
synthesized by treatment of CD-HPS with excess naphthyl-(1)-iso-cyanate. The synthetic 
routine is shown in Scheme 2.1 (Compound 4 in Scheme 2.1 is CD-HPS and compound 5 
is NCCD-HPS). The preparation procedure is described in detail in Section 2.3.3. The 
amount of anchored β-CD in CD-HPS and substituted naphthycarbamate moieties in 
NCCD-HPS were 185 µmol g-1 and 1,686 µmole g-1, respectively, as determined by 
elemental analysis. The degree of substitution of naphthycarbamate was calculated to be 
9.11. 
 
3.2.4 Chromatographic Procedure 
          The bonded silica CD-HPS and NCCD-HPS were separately packed into two 250 
mm × 4.6 mm I.D. stainless steel columns (Phenomenex, Torrance, CA) respectively by a 
balanced-density slurry technique [24]. The column efficiencies were determined under 
reversed-phase conditions by using biphenyl as solute and methanol-water (90:10, v/v) as 
the mobile phase. The number of theoretical plates per meter for CD-HPS and NCCD-
HPS were 32,484 plates m-1 and 27,816 plates m-1, respectively. In normal phase mode 
with biphenyl as solute and hexane-IPA (90:10, v /v) as mobile phase, the column 
efficiencies were 28,490 plates m-1 and 22,850 plates m-1 respectively. 
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         The mobile phases used were mixtures of hexane/IPA, methanol/water and 
acetonitrile/1% triethylamine-acetate buffer solutions, by volume ratios. The 
triethylamine-acetate buffer was prepared by dissolving the desired amount of pure 
triethylamine in water to achieve a 1% concentration and then adding glacial acetic acid 
to achieve the required pH. Similarly, the phosphate buffer was adjusted to the desired 
pH with sodium hydroxide. The sample concentration in methanol or IPA was 
approximately 0.5-5 mmole/L, and the volume injected was 5-10 µl. Chromatography 
was carried out at room temperature. The baseline perturbation resulting from injection of 
mobile phase was used as hold-up time marker (tM). Supporting evidence for 
enantioseparation was supplied by repeating the separation with detection at different UV 
wavelengths (e.g. 230 nm, 254 nm, 275 nm etc.). All the reported retention data are based 
on at least duplicate determinations. 
 
3.3 RESULTS AND DISCUSSION  
 
3.3.1 Chromatographic Performance of the Columns Packed with CD-HPS and 
NCCD-HPS: Separation of Disubstituted Benzenes 
3.3.1.1 Retention and Separation of Disubstituted Benzenes under Reversed-phase 
Conditions 
The chromatographic characterization of CD-HPS and NCCD-HPS was performed 
using mixtures of methanol/water as mobile phases and disubstituted benzene isomers 
such as nitrophenol, nitroaniline and aminophenol as solutes. The influence of methanol 
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content in the mobile phase on the retention behavior of solutes on both CD-HPS and 
NCCD-HPS columns is shown in Table 3.1. 
 
Table 3.1  Retention factors (k) of disubstituted benzenes on the columns packed with 
NCCD-HPS and CD-HPS 
 
Methanol / water (v / v) a
100 : 0             80 : 20               60: 40                40 : 60         20 : 80Solutes
NCCD- CD- NCCD- CD- NCCD- CD- NCCD- CD- NCCD- CD-
HPS  HPS    HPS    HPS       HPS     HPS        HPS     HPS      HPS      HPS
o-Nitrophenol         2.32     0.42     2.26    0.53     4.11     2.05   9.51     4.24       16.64    9.43
m-Nitrophenol        0.91     0.27       1.02    0.32      1.89     1.12     4.97   2.30       10.40    4.85
p-Nitrophenol         3.89     0.75       3.44    0.94     6.29     3.31      15.65  7.42       29.01    17.02
o-Nitroaniline         0.78     0.30 1.02  0.52    1.92  1.08    5.53   3.72       11.31    7.15
m-Nitroaniline        0.73     0.27  0.95    0.39       1.71      0.79    4.37   2.63        8.54     5.04
p-Nitroaniline         0.89     0.54       1.19  0.96       2.29      1.98    6.83    6.48       14.15    14.36
o-Aminophenol      0.98     0.36       1.23    0.42        1.56  0.69       2.21    1.46     4.83      3.01
m-Aminophenol     0.77     0.27       0.75    0.31     0.88      0.39       1.31    0.85        1.59      1.76
p-Aminophenol      0.70     0.24       0.64    0.27        0.66      0.30       0.92  0.60   1.03 1.22
 
a Conditions: mobile phase flow rate, 0.7 ml/min; detection wavelength, 254 nm; 
columns, 250 mm × 4.6 mm I.D. stainless steel columns packed with 5 µm bonded silica. 
 
         It can be seen that the retention (k) of most solutes on the two columns generally 
increases when methanol content decreases, and almost all the retention of solutes on 
NCCD-HPS column are higher than those on CD-HPS column. This observation implies 
that the solutes appear to be exhibiting reversed-phase type behavior on these phases and 
that interactions appear, for most part, to be stronger with the NCCD-HPS phase. It also 
suggests that in this later CSP, properties permitting π-π interaction and dipolar 
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interaction, etc. are imparted after β-CD was substituted by the naphthylcarbamate unit. 
This substitution enhances separation and retention of solutes. For most solutes, NCCD-
HPS shows higher separation ability than CD-HPS. Baseline separations of all the 
positional isomers of the disubstituted benzene compounds studied were achieved on the 
NCCD-HPS-packed column. However, for some disubstituted benzene isomers, e.g., o-
,m-,p-aminophenol, only partial separation can be obtained on the CD-HPS-packed 
column. Typical chromatograms depicting the separation of the disubstituted benzene 
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methanol / water (60 : 40, v / v ).
(D)  o-,m-,p-Nitrophenol
Mobile phase: 
methanol / water (60 : 40, v / v).
NCCD-HPS column  
Figure 3.1 Typical chromatograms for separation of positional isomers of disubstituted 
benzenes. Other conditions are as in Table 3.1. 
 
         With methanol/water as mobile phase, it is well known that the formation of an 
inclusion complex between the solute and the β-CD is important in the separation 
mechanism. The nitroanilines are useful test compounds for the β-CD column [12]: the 
difference in the relative retention of the para and ortho isomers can be directly 
correlated to the amount of β-CD-bonded to the silica gel support. If the β-CD loading is 
very low or nonexistent, p-nitroaniline will elute first instead of last. This is because of 
the larger binding constant of p-nitroaniline that results from its linear geometry, which 
allows optimal penetration of the CD cavity to form a more stable inclusion complex. As 
shown in Table 3.1, p-nitroaniline always elutes last in both the CD-HPS and NCCD-
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HPS columns. This is indicative of the high concentration of bonded β-CD in the two 
stationary phases. 
 
3.3.1.2 Influence of Mobile Phase pH on the Retention of Disubstituted Benzenes 
              The influence of the pH of the mobile phase on the retention of the ionizable 
solutes, methylaniline, nitroaniline, and nitrophenol, has been investigated. Table 3.2 lists  
 
Table 3.2 The influence of mobile phase pH on the retention factors (k) of solutes 
                                                               Retention factors (k) of solutesa 
       Solutes                                
                                          pH = 3.0              pH = 4.5                pH = 6.0              pH = 7.5  
 
o-Nitrophenol                        1.17                      1.13                        1.24                    0.18 
m-Nitrophenol                       0.91                      0.88                        0.92                    0.47 
p-Nitrophenol                        1.03                      1.01                        1.24                    0.18 
o-Nitroaniline                        1.17                      1.10                        1.12                    1.06 
m-Nitroaniline                       1.08                      1.02                        1.03                    0.98 
p-Nitroaniline                        1.40                      1.31                        1.33                    1.25 
o-Methylaniline                     1.15                      1.11                        1.76                    1.66 
m-Methylaniline                     0.57                      0.56                        0.83                    0.79 
p-Methylaniline                      0.46                      0.45                        0.83                    0.79 
 
a Conditions: mobile phase, methanol/0.02 M phosphate buffer (70 : 30, v/v); flow rate: 
0.5 ml/min; detection wavelength: 254 nm; column, 250 mm × 4.6 mm I.D. stainless steel 
columns packed with 5 µm NCCD-HPS particles. 
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the retention factors of solutes on the NCCD-HPS column using methanol/phosphate 
buffer solutions of pH 3.0 to pH 7.5 as the mobile phases.  The retention data show that 
the methylanilinium ion (pKa 4~5) in the mobile phase with low pH and nitrophenol (pKa 
~8) anion in the mobile phase with high pH exhibit much lower retention than 
undissociated methylaniline and nitrophenol. These results are attributed to the weaker 
hydrophobic interaction and inclusion interaction between NCCD-HPS and ionized 
solutes. Nitroaniline (pKa < 2.5) is close to neutrality and always exists as a neutral 
unprotonated base under the examined conditions of pH, so that the influence of pH on 
the retention is not obvious. 
 
3.3.2 Enantiomeric Separation of Aromatic Compounds on NCCD-HPS-packed 
Column  
             The structures of the studied chiral aromatic compounds A-D are shown in 
Figure 3.2. Enantiomeric separation of these four compounds was not observed on the 
CD-HPS-packed column under all the studied mobile phase conditions; however, 
baseline separations of the enantiomers of these four compounds were obtained on the 
NCCD-HPS-packed column.  
 
3.3.2.1 Retention and Enantioseparation under Normal Phase Conditions  
           Table 3.3 lists the retention factors (k) and separation factors (α) for A and B on 
NCCD-HPS-packed column with hexane/IPA mixtures as mobile phase. It is well known 
that in the presence of non-polar solvents, retention of solutes on CD phases is thought to 
be mainly due to hydrogen bonding with primary and secondary hydroxyl groups of the 
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cyclodextrin [2,25]. On the NCCD-HPS phase, the aromatic and carbonyl groups in 































Figure 3.2 Structures of the studied chiral aromatic compounds 
 
cyclodextrins. This, combined with the hydrogen bonding sites of the residual hydroxyl 
groups, gives rise to the type of interactions commonly associated with -complex chiral 
stationary phases [16]. Therefore, NCCD-HPS has higher enantiomeric separation ability 
than CD-HPS. Typical chromatograms of the enantiomeric separation of A, B and C on 
NCCD-HPS-packed column are shown in Figure 3.3. 
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Table 3.3 Retention factors (k), separation factors (α) and resolution of enantiomers (RS) 
under normal phase conditions on NCCD-HPS-packed column 
 
Hexane / isopropyl alcohol (v / v)b
60 : 40      70 : 30       75 : 25         80 : 20 
Solutes
A k1                 0.68      1.01          1.27             1.53
k2                 0.86  1.25           1.55             2.02
α 1.27           1.24           1.22             1.32
RS           0.75           0.81           1.92             1.39
B k1                   - 1.11           1.37             1.77
k2                   - 1.25            1.62           2.08
α - 1.13            1.18             1.17










a k1 is the retention factor for the enantiomer eluted out first;  α is the separation factor,  α 
= k2/k1 .  
b Mobile phase flow rate, 1.0 ml/min. Other conditions are the same as in Table 
3.1. 
 
3.3.2.2 Influence of the Buffer Content on Enantioseparations on NCCD-HPS under 
Reversed-phase Conditions 
           Chromatographic performance data in Table 3.4 shows the influence of the buffer 
content on the retention and separation of enantiomers of C and D using 
acetonitrile/triethylamine-acetate buffer as mobile phase.  Increasing the proportion of 
buffer produces longer retention and higher enantioselectivity. The main chiral 
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in which the hydrophobic portion of the solute is included in the β-CD cavity in NCCD-
HPS. As shown in Figure 3.3, enantiomers of sample B can be separated on NCCD-HPS-
packed column under both normal phase and reversed-phase mobile phase conditions. 
However, only partial separation (α = 1.17, RS = 0.87) was obtained in the former mobile  
 
Table 3.4 The influence of the buffer content on the retention and separation of solute 
enantiomers under reversed-phase conditions 
 
Acetonitrile / triethylamine-acetate buffera
80 : 20      60 : 40       40 : 60       20 : 80 
Solutes
C k1 1.48          0.41           0.31           2.31
k2          1.72          0.48           0.40           2.87
α 1.16          1.17           1.27           1.24
RS             0.95          0.40          0.59           1.02
D k1 0.73         1.53           6.98             -
k2              0.78 1.82           8.73             -
α 1.07          1.19          1.25              -

















a Mobile phase, acetonitrile/1% triethylamine-acetate buffer (pH = 5.0) (v/v); flow rate: 
0.7 ml/min; other conditions are the same as in Table 1. 
 
phase (hexane/IPA). In contrast, baseline separation (α = 1.38, RS = 1.71) was observed 
when acetonitrile/triethylamine-acetate buffer was used as the mobile phase. However, 
not all the four isomers of C which has two chiral centers can be separated, indicating the 
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limitation of this stationary phase. Figure 3.4 shows progressive separation of D on the 
NCCD-HPS-packed column as the mobile phase composition constituting of 
acetonitrile/triethylamine-acetate buffer (pH = 5.0) is varied. 
          
3.3.2.3 Influence of Mobile Phase pH on Enantioseparations on NCCD-HPS-packed 
Column 
            The influence of mobile phase pH on the enantiomeric separation has also been 
investigated. Table 3.5 lists the retention factors (k) and the separation factors (α) of 
enantiomers of C and D using acetonitrile/triethylamine-acetate buffer solution at pH of 
4.0, 5.0, 6.0 and 7.0 as mobile phases. The data show pH has little effect on the retention 
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Figure 3.4 Progressive separation of D as the mobile phase composition is varied 
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 Table 3.5 The influence of mobile phase pH on the enantiomeric separations 
pH of the mobile phasea
pH = 4.0   pH = 5.0  pH = 6.0    pH = 7.0 
Solutes
C k1                 0.72         0.41        0.89         0.89
k2 0.84         0.48           1.03         1.03
α 1.16         1.17            1.16         1.15
RS 0.75         0.40            0.70         0.73
D k1               1.49        1.53          1.42         1.43
k2              1.78 1.82           1.70          1.70
α 1.19         1.19           1. 20         1.19
















a Conditions: mobile phase, acetonitrile/1% triethylamine-acetate buffer (60 : 40, v/v). 
Other conditions are the same as in Table 3.4. 
 
3.4 CONCLUDING REMARKS 
 
         CD-HPS and NCCD-HPS can be synthesized by anchoring β-CD onto silica 
support via a simple and convenient successive multiple-step liquid-solid phase reaction 
procedure. The NCCD-HPS is a kind of derivatised β-CD bonded stationary phase and 
has higher enantiomeric separation ability than the native β-CD bonded stationary phase 
CD-HPS. The aromatic and carbonyl groups in the substituted β-CD are important for 
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chiral discriminations. NCCD-HPS showed excellent selectivity in HPLC for separation 
of positional isomers and some enantiomers under both normal phase and reversed-phase 
conditions. Generally, NSCD-HPS and CD-HPS exhibit fairly robust chromatographic 
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APPLICATION OF CROWN ETHER-CAPPED β-CYCLODEXTRIN-BONDED 
PARTICLES AB15C5-CD-HPS AND AB18C6-CD-HPS AS CHIRAL 






       Separating chiral molecules is one of the most active areas of analytical chemistry [1]. 
High-resolution enantiomeric separation is also of great importance in the pharmaceutical 
industry. A large number of the most frequently prescribed drugs contain one or more 
chiral centers and may exist in two or more enantiomeric forms [2]. In most instances, 
only one of the enantiomeric forms is therapeutically active, while the other enantiomer is 
either much less active, inactive, or sometimes even toxic [3]. Nowadays, it is 
conceptually accepted that a pair of enantiomers should be treated as two different 
compounds when exposed to a biological system. It is necessary to develop sensitive 
enantioseparation methods with high selectivity and high resolution to evaluate the 
optical purities of raw materials used to synthesize drugs and to monitor the 
stereochemical compositions of drugs during manufacture and storage [4]. 
Chromatographic methods are typically employed for the enantioseparations, including 
HPLC [5], GC [6], MEKC [7] and, more recently, CEC [8].  
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        GC and LC were the first tools to be employed in the separation of enantiomers [9]. 
However, conventional LC cannot utilize small particles and/or long column lengths to 
obtain high efficiencies because of the pressure limitations of normal pumping systems. 
Although GC usually offers higher efficiencies than LC due to the larger number of 
available theoretical plates, most chiral compounds of interest have low volatilities. This 
limits the use of GC for enantioseparations [10]. During the last several years, CE has 
become a powerful technique for enantioseparations when chiral selectors are added to 
the running buffers [11].  
CEC is a modern liquid chromatography technique combining the high efficiency of 
CE with the high selectivity usually obtained in HPLC. The mobile phase is transported 
through a capillary containing the stationary phase by means of electroosmosis instead of 
pressure. Neutral solutes are separated by partitioning between the mobile and the 
stationary phase. Charged solutes have an additional electrophoretic mobility in the 
applied electric field, and the separation is achieved by the combined effects of 
partitioning and electrophoresis. Like other CE techniques, CEC provides a flat flow 
profile of the mobile phase and provides the possibility of using small size particles as 
stationary phase. This greatly increases efficiencies of separations [12]. Therefore, using 
new CSPs with high enantioselectivity in CEC has good potential for high-resolution 
enantiomeric separations. 
        Both cyclodextrins and crown ethers have been shown to be effective chiral 
selectors [7]. Many enantioseparations have been accomplished using cyclodextrin-type 
CSPs in HPLC [13] and CEC [14,15]. It was reported that crown ether-capped β-CDs 
[16-18] exhibited higher binding constants and stronger interaction than β-CD for several 
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guest molecules due to the cooperative functioning of the β-CD and the crown ether. 
Although crown ether-capped β-CD has already been used to model the receptor sites of 
enzymes for a long time [17], its use as a stationary phase selector for chromatography 
has seldom been studied. It was reported that benzo-aza-15-crown-5 capped β-CD used 
as a stationary phase in GC showed excellent enantioselectivity [19]. Because of 
statistical and steric problems, synthesis of crown ether-capped β-CD-bonded stationary 
phases is very difficult and complicated. Recently, it was shown that the combination of a 
crown ether and β-CD as CE additive sometimes produced better enantioseparations than 
did either selector alone [7,20,21]. However, many crown ethers and derivatized CDs 
with high UV/visible absorption or poor solubility in water cannot be used as CE 
additives for direct detection. Alternatively, they can be bonded onto silica support to use 
as CSPs in LC. Therefore, we have established a convenient method involving successive 
multiple-step liquid-solid phase reactions on the silica surface to prepare crown ether-
capped β-CD-bonded silica particles for use as new CSPs in LC [22]. 
          In this chapter, we report the application of two types of crown ether-capped β-CD-
bonded silica particles, 4′-aminobenzo-15-crown-5 and 4′-aminobenzo-18-crown-6 
capped (3-(β-cyclodextrin)-2-hydroxypropoxy)-propylsilyl-appended silica (AB15C5-
CD-HPS and AB18C6-CD-HPS), as CSPs in CEC. These two stationary phases have a 
chiral selector with two recognition sites: crown ether and β-CD. They exhibit excellent 
enantioselectivities in CEC for a wide range of compounds under the 
acetonitrile/phosphate buffer and acetonitrile/Tris-HCl running buffer conditions. After 
inclusion of metal ions (Na+ or K+) from phosphate buffer into the crown ether units, the 
stationary phases become positively charged and can provide extra electrostatic 
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interactions with ionizable solutes and enhance the dipolar interactions with some polar 
neutral solutes. This enhances the host-guest interaction with the solute and improves 
chiral recognition and enantioselectivity. The enantiomeric separation of columns packed 
with β-CD-bonded, crown ether bonded, and crown ether-capped β-CD-bonded silica 




4.2.1 Reagents and Materials 
Bare silica gel particles (3 µm, 100Å) were obtained from Merck (Darmstadt, 
Germany). The rest reagents and starting materilas were purchased from commercial 
resources and treated as standard procedures (refer to Section 2.3.1). 
 
4.2.2 Apparatus 
            Capillary electrochromatography was performed on an HP3D CE system (Hewlett-
Packard, Waldbronn, Germany) equipped with a diode-array UV detector, an 
autosampler, and ChemStation software. The CE system allows application of a pressure 
up to 10 bars at the inlet and/or outlet vial. A Shimadzu (Tokyo, Japan) LC-9A HPLC 
pump was used for packing and flushing the capillary column. Buffer pH was determined 
using a Metrohm 692 pH meter (Herisau, Switzerland). Ultrasonic bath was carried out 
on a SONICA 2200M sonicator (Miano, Italy). The internal column frits and on-column 
UV detection window were fabricated using a resistive heating device (InnovaTech, UK). 
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4.2.3 Preparation of Bonded Stationary Phases [22] 
         We have reported the synthetic method involving suscessive multiple-step liquid-
solid phase reactions on the silica surface to prepare the crown ether-capped β-CD-
bonded silica particles [22]. β-CD was anchored onto silica particles, derivatized 
primarily at the more reactive and less sterically hindered [23,24] C(6) position by 
treatment with seven equivalents of bromoacetyl bromide to form bromoacetate-
substituted-(3-(β-cyclodextrin)-2-hydroxypropoxy)-propylsilyl-appended silica particles 
(BACD-HPS). Finally, BACD-HPS was reacted with excess 4′-aminobenzo-15-crown-5 
and 4′-aminobenzo-18-crown-6 to form crown ether-capped β-CD-bonded silica particles 
AB15C5-CD-HPS and AB18C6-CD-HPS. The synthetic route is shown in Scheme 2.2 
(Compound 7 in Scheme 2.2 is AB15C5-CD-HPS and compound 8 is AB18C6-CD-HPS). 
The preparation procedure has been described in detail in Section 2.3.3. The amount of 
anchored β-CD and substituted bromoacetate moieties in BACD-HPS were 181 µmol g-1 
and 618 µmole g-1, respectively, as determined by elemental analysis. The degree of 
substitution of bromoacetate was calculated to be 3.4. The amount of crown ether 
moieties in the bonded silica was 193 µmol g-1 for the benzo-15-crown-5 and 187 µmol 
g-1 for the benzo-18-crown-6. For comparison with crown ether-capped β-CD-bonded 
silica particles AB15C5-CD-HPS and AB18C6-CD-HPS, 4′-aminobenzo-15-crown-5 
propylsilyl-appended silica (AB15C5-PS) and 4′-aminobenzo-18-crown-6 propylsilyl-
appended silica (AB18C6-PS) were synthesized as reported [25] by using 4′-
aminobenzo-15-crown-5 and 4′-aminobenzo-18-crown-6 as the crown ether materials. 
The synthetic route is shown in Scheme 2.4 (Compound 14 in Scheme 2.4 is AB15C5-PS 
and compound 15 is AB18C6-PS). The preparation procedure is described in detail in 
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Section 2.3.4. The concentration of the anchored crown ether moieties in the bonded 
silica was 214 µmol g-1 for AB15C5-PS and 198 µmol g-1 for AB18C6-PS.  
 
4.2.4 Preparation of the Packed Capillary Columns 
           The bonded silica particles were packed into fused silica tubing to fabricate 75 µm 
i.d. × 30-cm effective length columns (38.5-cm total length) by using the packing 
procedure described by Boughtflower [26] with the following modifications. A metal frit 
for micro-HPLC columns was used as the first end-frit in place of the frit made from 
“wetted silica” [26]. Both the slurry reservoir and capillary tubing were placed into an 
ultrasonic bath during the packing procedure. The capillary packing arrangement is 
shown in Figure 4.1.  
 
 
Figure 4.1 Schematic diagram of capillary packing arrangement 
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A mixture of acetone/2-propanol (1:1, v/v) was used as slurry solvent. The slurry 
was prepared by distributing 40 mg bonded silica particles in 200 µl slurry solvent. 
Acetone was used as packing solvent. Figure 4.2 shows the column fabrication procedure.  
 
 
Figure 4.2 Schematic representations of the packing procedure 
 
Briefly, in step 1, a metal frit for micro-HPLC columns is connected with the empty 
capillary tubing; in step 2, the capillary is packed with slurry consisting of the bonded 
silica particles and solvent under high pressure; in step 3, the packing solvent is flushed 
out of the capillary with water and the internal column frits (the end-frit and retaining frit) 
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are sintered; in step 4, low pressure is applied to remove any remaining bonded silica 
particles between the retaining frit and the end of capillary by flushing with running 
buffer and water; in step 5, an on-column detection window is formed by gently burning 
off and removing the polyimide coating near the retaining frit.  
 
4.2.5 Chromatographic Procedure  
          The freshly-packed column was flushed with the running buffer using an HPLC 
pump for 3 h before installing into the CE instrument. It was stabilized with pressure on 
both vials by gradually increasing the applied voltage from 0.5 kV to 20 kV. The column 
temperature was set at 20oC. All runs were performed with a pressure of 10 bars on both 
inlet and outlet vials to prevent bubble formation in the column.  
         The mobile phases used were mixtures of acetonitrile/phosphate buffer or 
acetonitrile/Tris-HCl buffer solution by volume ratios. The phosphate buffer was 
prepared by dissolving desired amount of phosphoric acid in water to achieve a 5-mM 
concentration and then adding sodium hydroxide or potassium hydroxide to achieve the 
required pH. Similarly, the Tris-HCl buffer was adjusted to the desired pH with 
concentrated hydrochloric acid. All samples were dissolved in acetonitrile/Tris-HCl 
buffer (or phosphate buffer) mixtures having an acetonitrile content 5~15% higher than 
the running buffer. The sample concentration was approximately 1~5 mg/ml. The slight 
mismatch in the injection sample solution-running buffer composition causes a baseline 
perturbation that was used as the marker of the electoosmotic flow [14,27]. All running 
buffers and sample solutions were degassed with helium for 15 min and then sonicated 
for 10 min before use. Samples were injected electrokinetically by applying a voltage of 
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6 kV for 3~5 s. All solutions and solvents were filtered through 0.22 µm Millex-GV tips 
(Millipore, Bedford, MA). Supporting evidence for enantioseparation was accomplished 
by comparing UV spectra for the enantiomers from 200 nm to 254 nm. 
 
 
4.3 RESULTS AND DISCUSSION  
 
4.3.1 Enantioseparations under Acetonitrile/Tris-HCl Running Buffer Conditions 
4.3.1.1 Influence of Acetonitrile Content in Running Buffer on the Enantiomeric 
Separations 
            Tris-HCl buffer does not contain metal ions, and has a low ionic strength and 
dielectric constant. Consequently, Joule heating is low when this running buffer is used in 
CEC. Acetonitrile was chosen as the organic modifier because we found that it afforded a 
higher and more stable electroosmotic flow (EOF) than methanol and 2-propanol in the 
columns packed with crown ether-capped β-CD-bonded CSPs. 
          Thiourea, a traditional EOF marker, was strongly retained on the AB15C5-CD-
HPS and AB18C6-CD-HPS-pakced column and therefore could not be used as marker. 
As was suggested by Lelièvre et al. [14], we used baseline perturbations as the marker of 
EOF. These perturbations are easily observed with sample solutions containing a slightly 
higher concentration of acetonitrile than the running buffer system. 
          Table 4.1 lists retention and separation data of 2-hydroxyl-α-phenethyl alcohol 
under varying compositions of acetonitrile/Tris-HCl running buffer. With lower 
acetonitrile content, higher selectivity is obtained, but at the expense of analysis time. 
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The column efficiency generally decreases with decreasing acetonitrile content from 70% 
to 30%. The highest column efficiency (N1) and the highest enantioseparation resolution 
(RS = 4.81) are achieved at 70% acetonitrile within a short analysis time. The effect of the  
 
Table 4.1 Influence of acetonitrile (MeCN) content on the retention and separation of 
enantiomers of 2-hydroxyl-α-phenethyl alcohol 
 
                                                                       Retention and separation dataa 
        Running buffer         
(MeCN/Tris-HCl)                              tR1b (min)    k1c   N1d (plates m-1)    α e       RS f 
 
                 30: 70                                   33.37        0.47         94,417         1.76      1.93 
                 50: 50                                   13.69        0.39       135,237         1.71      3.67 
                 70: 30                                   10.56        0.35       187,969         1.64      4.81 
                 90: 10                                     9.77        0.28       162,994         1.61      3.89 
 
 
  a Conditions: 38.5-cm × 75-µm-i.d.-fused silica capillary (30 cm to the detection window) 
packed with AB15C5-CD-HPS particles; 12 kV applied voltage; 10 mM Tris-HCl (pH = 
8.8). b tR1 is the retention time for the enantiomer eluted out first. c  k1 is the retention 
factor for the enantiomer eluted out first.  d N1 is the column efficiency for the enantiomer 
eluted out first. e α is the separation factor, α = k2/k1 . f  RS is the resolution.  
 
 
concentration of the Tris buffer on the separation has been studied. It is found that the 
most rapid and most efficient separations were obtained using a 10 mM Tris buffer. 
Therefore, acetonitrile/10 mM Tris-HCl buffer (70:30 v/v) was used as the optimum 
running buffer condition. 
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4.3.1.2 Van Deemter Plot for the Column Packed with AB15C5-CD-HPS 
A Van Deemter plot for a fused silica column packed with AB15C5-CD-HPS is 
shown in Figure 4.3. Using 2-hydroxyl-α-phenethyl alcohol as solute and acetoniltrile/10 
mM Tris-HCl buffer (70:30 v/v) as running buffer, an optimized plate height (4.59 µm) 
for the enantiomer eluted out first was obtained under the applied voltage of 10 kV at a 

























Figure 4.3 Van Deemter plot for 2-hydroxyl-α-phenethyl alcohol for the enantiomer 
eluted out first. Conditions: 38.5-cm × 75-µm-i.d.-fused silica capillary column (30 cm to 
the detection window) packed with AB15C5-CD-HPS particles; acetonitrile/Tris-HCl 
buffer (10 mM, pH = 8.8) (70:30 v/v); applied voltages varies from 2 kV to 20 kV in 




4.3.1.3 Enantiomeric Separations on Crown Ether-capped β-CD-bonded Silica 
Packed-columns Using Acetonitrile/Tris-HCl as Running Buffer 
           Typical chromatograms of enantiomeric separations on AB15C5-CD-HPS and 
AB18C6-CD-HPS using acetonitrile/Tris-HCl as running buffer are shown in Figure 4.4. 
Since the two CSPs have a chiral selector with two recognition sites: crown ether and β-
CD, it has excellent selectivity for separating chiral compounds. Accordingly, it shows 
good potential for fast enantioseparations under high voltage. As shown in Figure 4.4 (B), 
fast separation of enantiomers of 1-phenyl-1-propanol was achieved within 6 min with 
high resolution (RS = 2.67) and high selectivity (α = 1.61). Fast enantioseparation of 2-
hydroxyl-α-phenethyl alcohol (Figure 4.5) was also obtained within 6 min with high 
resolution (RS = 2.03) and high selectivity (α = 1.64) under an applied voltage of 20 kV. 
Figure 4.5 shows the structures of the studied chiral compounds and their 
enantioseparation data on the AB15C5-CD-HPS and AB18C6-CD-HPS-packed columns. 
For most of the enantioseparations, the resolution values (RS) are > 1.5 and the separation 
factors (α) are > 1.3. Compared to other reported CE and LC techniques [28-30], better 
enantioselectivities and resolution for most of the chiral solutes are obtained on the 
AB15C5-CD-HPS and AB18C6-CD-HPS-packed columns in CEC. For example, the 
enantiomeric resolution for the enantiomers of indapamide was higher in CEC using 
AB15C5-CD-HPS as chiral stationary phase (RS = 2.76) than in capillary zone 
electrophoresis (CZE) with β-CD as chiral additive (RS = 1.50) [28]; the 
enantioselectivities and resolution values for enantiomers of metoprolol (α = 1.59, RS = 
4.95) and 2-(4-chlorophenoxy)-propionic acid (α = 1.67, RS = 4.16) were higher in CEC 
using AB18C6-CD-HPS as chiral stationary phase than in HPLC with β-CD bonded 
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silica particles as stationary phase (metoprolol, α = 1.21, RS = 3.2; 2-(4-chlorophenoxy)-
propionic acid, α = 1.27, RS = 2.6) [29]; the enantioselectivities and resolution values for 
enantiomers of pindolol (α = 1.98, RS = 7.74) and isoproterenol (α = 1.31, RS = 2.53) 
were higher in CEC using AB15C5-CD-HPS as chiral stationary phase than in CEC with 
β-CD bonded negatively charged polyacrylamide gels as stationary phase (pindolol, α = 
1.04, RS = 0.93; isoproterenol, α = 1.03, RS = 0.68) [30]. The cooperative functioning of 
the crown ether and the capped β-CD is important for the enantioseparations on these 
stationary phases. The chiral discrimination depends on host-guest interaction, 
hydrophobic interaction, hydrogen bonding and dipolar interaction between the solute 
and the two selectors. In addition, since there is a cap effect [18] exerted by the 
benzocrown ether moiety in the two CSPs, the two CSPs can provide a special 
stereochemical interaction with the solute to enter the β-CD cavity through the wider 
torus rim to form a host-guest complex [22]. This enhances the chiral recognition. 
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(A) Enantioseparation of 2-hydroxyl-α-phenethyl alcohol on AB15C5-CD-HPS-packed 
column. Tris-HCl (10mM, pH = 8.8) / acetonitrile (30:70 v / v), 12 kV, 210 nm UV 
detection.
(B) Enantioseparation of 1-phenyl-1-propanol on AB15C5-CD-HPS-packed column.




 (C) Enantioseparation of 4-hydroxyl-α-phenethyl alcohol on AB18C6-CD-HPS-packed 
column. Tris-HCl (10mM, pH = 8.8) / acetonitrile (50:50 v / v), 12 kV, 225 nm UV 
detection. 
(D) Enantioseparation of promethazine on AB18C6-CD-HPS-packed column.
Tris-HCl (10mM, pH = 8.8) / acetonitrile (30:70 v / v), 10 kV, 254 nm UV detection. 
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(E) Enantioseparation of 1-phenyl-2-propanol on AB15C5-CD-HPS-packed column. 
Tris-HCl (10mM, pH = 8.8) / acetonitrile (50:50 v / v), 10 kV, 210 nm UV detection.
mAU
 
Figure 4.4 Typical chromatograms for enantiomeric separations using acetonitrile/Tris-
HCl as running buffer. Columns: 75-µm i.d. × 30-cm effective length fused silica 
capillary (38.5-cm total length) packed with bonded silica particles. Other conditions are 
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Figure 4.5 Structures of the studied chiral compounds and their enantioseparation data in 
CEC. Conditions: 75-µm i.d. × 30-cm effective length fused silica capillary (38.5-cm 
total length) packed with bonded silica particles; buffer: Tris-HCl (10 mM, pH = 8.8), 
H3PO4-KOH (5 mM, pH = 8.8) and H3PO4-NaOH (5 mM, pH = 8.8). Other conditions 
are as in the text. 
 
 
4.3.2 Enantioseparations under Acetonitrile/Phosphate Running Buffer Conditions 
4.3.2.1 Effects of Electroosmotic Flow under Acetonitrile/Phosphate Running Buffer  
          It is generally accepted that the origin of electroosmotic flow in packed CEC 
capillary column is the result of the negative charged silica surface when the silanol 
groups on the inside wall surface of capillary column and on the surface of the packed 
silica gel are deprotonated in the buffer [31,32], as shown in Figure 4.6. Under the 
acetonitrile/phosphate buffer, the 4′-aminobenzo-15-crown-5 selector of AB15C5-CD-
HPS includes Na+, and 4′-aminobenzo-18-crown-6 selector of AB18C6-CD-HPS 
includes K+ from the buffer to form an inclusion complex that is positively charged. As a 
result, the net negative charge on AB15C5-CD-HPS and AB18C6-CD-HPS surface 
decreases, and the velocity of EOF also decreases. As shown in Table 2, VEOF in the 
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column packed with AB15C5-CD-HPS is higher under acetonitrile/Tris-HCl buffer (no 
metal ion) than that under acetonitrile/phosphate buffer at the same acetonitrile 
composition. 
Figure 4.6 Electroosmotic flow in packed CEC capillary column 
 
          It is found that the probability of bubble formation is high above 5mM phosphate 
buffer because of the high conductivity of phosphate, even though a high volume 
percentage of acetonitrile is present. The optimised condition was then chosen as 5 mM 
phosphate buffer (pH = 8.8). The results also show that VEOF increases with increasing 
voltage under the acetonitrile/phosphate running buffer. However, the probability of 
bubble formation in the column increases under high voltages, and there is therefore a 
limit to the voltage that can be used for separations. 
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 Table 4.2 Comparison of VEOF and enantioseparations under two running buffer 
conditions 
      
                                                                                                                 Separation datab 
 Solutes                   Running buffera                 Voltage   VEOF 
                                                                             (kV)  (mm s-1) tR1(min)  k1    α       RS   
 
Silvex                      MeCN/Tris-HCl (70:30)     12        0.64      13.88     0.78   1.34  1.41 
                                MeCN/phosphate (70:30)    12        0.38      25.39     0.93  1.67   2.12  
 
2-Hydroxyl-α-        MeCN/Tris-HCl (70:30)       16       0.83      11.02      0.51  1.63  4.07 
phenethyl alcohol 
                                MeCN/phosphate (70:30)     16       0.44      18.44      0.62  1.71  5.78 
 
 a Buffer, 10 mM Tris-HCl (pH = 8.8) and 5 mM H3PO4-NaOH  (pH = 8.8). b Terms and 
other separation conditions as in Table 4.1. 
 
 
4.3.2.2 Enantiomeric Separations Using Acetonitrile/Phosphate Running Buffer 
          As discussed above, under the acetonitrile/phosphate running buffer conditions, the 
crown ether in the crown ether-capped β-CD-bonded stationary phases can include metal 
ion (Na+, K+) to form the positively charged inclusion complex. The positively charged 
crown ether-capped β-CD can supply extra electrostatic interactions with ionizable 
solutes and enhance the dipolar interaction with polar neutral solutes.  This enhances the 
host-guest interaction with the solute and improves chiral recognition and selectivity. 
Therefore, crown ether-capped β-CD-bonded stationary phases exhibit higher chiral 
selectivities under acetonitrile/phosphate buffer than under acetonitrile/Tris-HCl buffer 
conditions. As shown in Table 4.2, the retention factor (k1), separation factor  (α) and 
enantioseparation resolution (RS) are higher under acetonitrile/phosphate buffer with all 
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other conditions invariant for the enantiomers of 2-hydroxyl-α-phenethyl alcohol and 
silvex. The enantioseparation data and the chromatographic conditions are shown in 
Figure 4.5. All the chiral solutes which can be separated under the acetonitrile/Tris-HCl 
buffer can also be resolved under the acetonitrile/phosphate buffer. However, some 
solutes (i.e., isoproterenol and metoprolol) can only be baseline-separated using the latter 
running buffer. Typical chromatograms of enantiomeric separations under 
acetonitrile/phosphate buffer are shown in Figure 4.7. Notably, Figure 4.7(D) shows the 
separation of the four stereoisomers of labetabol that has two chiral centers. 
 
4.3.3 Comparison of Enantioseparations between the Columns Packed with 
AB15C5-CD-HPS and AB18C6-CD-HPS  
           The 4′-aminobenzo-18-crown-6 in AB18C6-CD-HPS shows a greater preference 
for recognizing amines than the 4′-aminobenzo-15-crown-5 in AB15C5-CD-HPS [18]. 
The former can exhibit stronger dipolar interaction [18] and host-guest interaction [33] 
with the amine moiety of a solute than the latter. Accordingly, longer retention and better 
enantioselectivity can be obtained on the AB18C6-CD-HPS for some amine-containing 
solutes. Table 4.3 lists typical comparison data of enantioseparations on the AB18C6-
CD-HPS-packed and AB15C5-CD-HPS-packed columns. It is clear that AB18C6-CD-
HPS exhibits better enantioselectivity (α) than AB15C5-CD-HPS for the same amine-
contained solute under the same separation conditions. 
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(A) Enantioseparation of 4-methyl-4-phenylhydantoin on AB15C5-CD-HPS-packed 


















(B) Enantioseparation of 2-styryl-ethanol on AB15C5-CD-HPS-packed column.
H3PO4-NaOH (5 mM, pH = 8.8) / acetonitrile (60:40 v / v), 14 kV, 225 UV detection. 
RS = 5.26 α = 1.57 
(B)














(C) Enantioseparation of proglumide on AB18C6-CD-HPS-packed column. H3PO4-
KOH (60:40 v / v), 20 kV, 254 nm UV detection . 
(D) Enantioseparation of labetalol on AB18C6-CD-HPS-packed column. H3PO4-KOH 
(60:40 v / v), 18 kV, 210 nm UV detection. 
RS = 4.05 α = 1.66 

































RS1,2 = 4.85  α1,2 = 1.21 
RS2,3 = 1.43  α2,3 = 1.09
RS3,4 = 0.64  α3,4 = 1.06
mAU
 
Figure 4.7 Typical chromatograms for enantiomeric separations using 
acetonitrile/phosphate buffer as running buffer.  Conditions: 75- µm i.d. × 30-cm 
effective length fused silica capillary (38.5-cm total length) packed with bonded silica 
particles. Other conditions are in the text. 
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Table 4.3 Comparison of enantioseparation between AB15C5-CD-HPS-packed column 
(I) and AB18C6-CD-HPS-packed column (II) 
 
                                                                                                      Column Ic       Column IIc   
 Solutesa                             Running bufferb                 Voltage 
                                                                                         (kV)       k1      α           k1       α 
 
1-Naphthylethylamine    MeCN/Tris-HCl  (50 : 50)       10        0.58   1.29       0.75  1.41 
Isoproterenol                   MeCN/phosphate (60 : 40)      12        0.38   1.31       0.63  1.53  
Pindolol                           MeCN/phosphate (40 : 60)      16        0.45   1.98       0.52  2.13 
Metoprolol                       MeCN/phosphate (40 : 60)      12        0.87   1.23       1.18  1.59 
 
a See Figure 4.5 for structures. b Phosphate buffer: H3PO4-NaOH (5 mM, pH 8.8) for 
column I and H3PO4-KOH (5 mM, pH 8.8) for column II. c Columns: 38.5-cm × 75-µm 
i.d.-fused-silica capillary (30 cm to the detection window) packed with (I) AB15C5-CD-
HPS and (II) AB18C6-CD-HPS silica particles.  
 
 
4.3.4 Comparison of Enantioseparations among the Columns Packed with β-CD-
bonded, Crown Ether-bonded, and Crown Ether-capped β-CD-bonded Silica 
Particles  
           The β-CD-bonded silica BACD-HPS only has the β-CD selector with bromoacetyl 
moieties. The crown ether bonded silica AB15C5-PS and AB18C6-PS contain only 
crown ether as selectors. The crown ether-capped β-CD-bonded silica AB15C5-CD-HPS 
and AB18C6-CD-HPS have a chiral selector with two recognition sites: crown ether and 
β-CD. All these bonded silica particles were separately packed into fused silica tubing to 
fabricate 75-µm i.d. × 30-cm effective length columns (38.5-cm total length). Under the 
same separation conditions, for the enantiomers of 1-phenyl-2-propanol, only partial 
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enantioseparation (α = 1.08, RS = 0.63) on the column packed with BACD-HPS was 
achieved, and no enantioseparation was obtained on the column packed with AB15C5-PS. 
However, baseline-separation (α =1.34, RS = 2.39) was easily achieved on the column 
packed with AB15C5-CD-HPS. Similarly, for the enantiomers of isoproterenol and 
metoprolol, only partial enantioseparations on the BACD-HPS (α = 1.09, RS = 0.83 for 
isoproterenol; α = 1.06, RS = 0.76 for metoprolol) and on the AB18C6-PS-packed 
columns (α = 1.05, RS = 0.74 for isoproterenol; α = 1.03, RS = 0.52 for metoprolol) were 
obtained; on the other hand, baseline separations were achieved on the AB18C6-CD-
HPS-packed column (α = 1.53, RS = 2.72 for isoproterenol; α = 1.59, RS = 1.95 for 
metoprolol) [34]. The columns packed with crown ether-capped β-CD-bonded silica 
particles exhibit better enantioselectivities than the columns packed with either β-CD or 
crown ether-bonded silica particles. These results show that the cooperative functions of 
crown ether and β-CD are important contributors to the enantioseparations for the crown 
ether-capped β-CD-bonded stationary phases AB15C5-CD-HPS and AB18C6-CD-HPS. 
 
 
4.4 CONCLUDING REMARKS 
 
           Crown ether-capped β-CD-bonded silica particles AB15C5-CD-HPS and 
AB18C6-CD-HPS are new types of bonded chiral stationary phases suitable for CEC. 
High enantioseparation resolution and repeatable chromatographic performance are 
obtained under both acetonitrile/phosphate buffer and acetonitrile/Tris-HCl running 
buffer. AB15C5-CD-HPS and AB18C6-CD-HPS exhibit high enantiomeric selectivity 
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for a wide range of chiral compounds. The cooperative functioning of the crown ether 
and the β-CD is important for the chiral recognition. The crown ether-capped β-CD-
bonded stationary phase shows better enantioselectivity than either crown ether bonded 
stationary phase or β-CD-bonded stationary phase. With the metal ion included from the 
phosphate buffer, the positively charged crown ether-capped β-CD-bonded silica 
particles provide extra electrostatic interactions with ionizable solutes and enhances the 
dipolar interactions with polar neutral solutes. This additionally improves the chiral 
recognition and selectivity in CEC. The composition of acetonitrile in the running buffer 
can influence the retention, resolution, and efficiency. The results demonstrate that crown 
ether-capped β-CD-bonded silica particles have great potential for fast enantioseparations 
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APPLICATION OF CYCLAM-CAPPED β-CYCLODEXTRIN-BONDED SILICA 
PARTICLES MCCD-HPS AND DCCD-HPS AS CHIRAL STATIONARY 





        At present, chiral LC is an important technique in the pharmaceutical industry to 
separate chiral molecules [1-4]. Enantioseparations are also important in various other 
fields [5-7], such as natural product research, stereospecific synthesis and chiral 
compounds in environmental studies. Many enantioseparations have been accomplished 
using β-cyclodextrin-type bonded silica particles as CSPs in LC [8,9]. It was reported 
that the crown ether-capped β-CDs [10-12] exhibited stronger host-guest interation than 
β-CD for several molecules. We have previously reported a convenient method to 
prepare crown ether-capped β-CD-bonded silica particles (3 µm particle size) for use as 
new CSPs in LC [3]. These CSPs have shown excellent enantioselectivities when used as 
CSPs in LC [13]. Since cyclams have similar structures and properties to crown ethers, it 
was of interest to us to prepare cyclam-capped β-CD-bonded silica particles for 
comparison with our previously synthesized crown ether-capped β-CD particles [4]. To 
the best of our knowledge, we were among the first to report a method involving 
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successive multiple-step liquid-solid phase reactions on the silica surface to synthesize 
cyclam-capped β-CD bonded silica particles [14]. 
         CEC is a modern microcolumn separation technique that is considered as a variant 
of HPLC [15]. As in HPLC, the stationary phase packed-capillary columns are used for 
the separation of analytes of interest. The methods of mobile phase delivery, however, are 
different for HPLC and CEC. In HPLC, mobile phases are driven by high-pressure 
pumps, whereas in CEC, mobile phases are delivered by electroosmotic flow (EOF). This 
EOF is generated by applying a high voltage across the column. EOF in CEC, in contrast 
to the hyperbolic flow profile of pressure driven flow in HPLC, has a nearly flat profile 
and a more uniform velocity distribution throughout all of the interparticle channels, 
which greatly reduces eddy and trans-channel diffusion. Since no pressure drop exists 
along the column, sub-micron particles can be used to further increase column efficiency.  
          The plate height (H) is defined in a general Van Deemter equation [16]: 
Cu
u
BAH ++=           (Equation 5.1) 
where u is the average linear velocity of the mobile phase. A, B and C are constants 
which account for contributions to band broadening from eddy diffusion, longitudinal 
diffusion, and resistance to mass transfer. The explicit form of the Van Deemter equation 





































−       (Equation 5.2) 
where Dm is the diffusion coefficient of the solute in the mobile phase. The symbol λ is a 
structural factor that is inherent to the packing material, and dp is the diameter of the 
packing material. γ is a constant called the tortuosity or obstruction factor which accounts 
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for the hindrance to free diffusion by the packing in the column. Df is the thickness of the 
stationary phase and Ds is the diffusion coefficient of the solute in the stationary phase. f 
is a function of θ, k0 and k. The symbol θ is the tortuosity factor for porous particles, k0 is 
the ratio of accessible intraparticlulate void volume to the interstitial void space in the 
column, and k is the retention factor.  Equation 5.2 shows that the column efficiency can 
be rashly improved by decreasing the particle size of the packing material. Therefore, the 
combined effect of small particles diameter and the unique flat flow profile leads to much 
higher efficiency compared to HPLC [15]. 
           In this chapter, we report the application of two types of cyclam-capped β-CD-
bonded silica particles with 1.5 µm particle size, monosubstituted-cyclam and 
disubstituted-cyclam capped (3-(β-cyclodextrin)-2-hydroxypropoxy)-propylsilyl-
appended silica (MCCD-HPS and DCCD-HPS), as CSPs in CEC for separation of a wide 
range of chiral compounds. Under the running buffers, methanol/Tris-HCl and 
acetonitrile/Tris-HCl with or without Ni(ClO4)2, baseline enantioseparations for many 
solutes were achieved. A comparison of enantioseparations between the columns packed 
with crown ether-capped β-CD-bonded silica particles and cylcam-capped β-CD-bonded 
silica particles is studied. The latter shows better enantioselectivies than the former 
[13,14]. The cyclam-capped β-CD-bonded phases prepared from 1.5 µm silica generally 
exhibit higher column efficiency than the crown ether-capped β-CD-bonded phases based 







5.2.1 Reagents and Materials 
β-CD was purchased from Sigma (St. Louis, MO, USA) and was dried in 0.1-
mmHg vacuum at 120oC for 12 hours. Bare silica gel particles (1.5 µm, 100Å) was 
obtained from Alltech Exsil (Deerfield, IL, USA). Monosubstituted cyclam ligand and 
disubstituted cyclam ligand were kind gifts from Professor J. S. Bradshaw and their 
synthetic strageties are outlined in Scheme 2.5 [4]. Fused silica tubing with an internal 
diameter of 75 µm and outer diameter of 360 µm was purchased from Polymicro 
Technologies (Phoenix, AZ, USA). The rest of the reagents and starting materilas were 




         A home-built ultrahigh pressure packing system [18] was used for packing the 
capillary columns. A Model DSF-150-C1 air-driven SCF pump (Haskel, USA) was used 
for packing capillary columns. The rest of the apparatus is same as in Section 4.2.2. 
 
5.2.3 Preparation of Bonded Stationary Phases 
         The synthetic routine of preparation of the cyclam-capped β-CD-bonded silica is 
shown in Scheme 2.6 (Compound 24 in Scheme 2.6 is MCCD-HPS and compound 25 is 
DCCD-HPS). The preparation procedure has been previously reported [4,14] in detail 
and described in Section 2.3.5. The amount of the anchored-β-CD [19,20] and the 
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substituted-bromoacetate moieties in BACD-HPS were 161 µmol g-1 and 544 µmole g-1, 
respectively, as determined by elemental analysis. The degree of substitution of 
bromoacetate was calculated to be 3.4. The amount of cyclam moieties in the bonded 
silica was 168 µmol g-1 in MCCD-HPS and 157 µmol g-1 in DCCD-HPS.  
 
5.2.4 Preparation of the Packed Capillary Columns 
         The bonded silica particles MCCD-HPS and DCCD-HPS have a very small particle 
size (1.5 µm). Attempts to pack them into capillaries (75 µm i.d.) with the packing 
method described in Chapter 4 only resulted in very short lengths (< 15 cm). This was 
mainly attributed to the pressure limitation of the pumping system. Very recently, a 
supercritical fluid (SCF) packing method was developed by Lee and co-workers [18]. 
This method has several advangtages, most of which are due to the inherent properties of 
supercritical carbon dioxide: (1) ultra-high pressure, (2) the low viscosity allows uniform 
packing of longer columns, and (3) gradual packing allows the particles enough time to 
arrange themselves in a dense and uniform packed bed. The packing setup is similar to 
Figure 4.1 with the following modifications. A Model DSF-150-C1 air-driven SCF pump 
(Haskel) was used instead of HPLC pump. Supercritical carbon dioxide was used as 
packing solvent. The slurry was prepared by distributing 20 mg bonded silica particles in 
150 µl of 2-propanol. It was found that after the particles MCCD-HPS and DCCD-HPS 
were suspended in dilute slurry with a solvent of 2-propanol, the agglomerates of the 
particles were easily broken up by sonicating. The slurry was then transferred into the 
packing reservoir and subsequently forced out of the reservoir with supercritical carbon 
dioxide. The packing pressure was gradually increased to 20,000 psi within 30 minutes 
 108 
and the 1.5 µm bonded particles could be easily packed into the 75 µm i.d. capillaries 
with lengths over 60 cm. The packing procedure and column preparation method are 
similar to the procedure illustrated in Figure 4.2. Using this carbon dioxide slurry packing 
method, the MCCD-HPS and DCCD-HPS particles were packed into fused silica tubing 
to fabricate 75-µm i.d. × 30-cm effective length columns (38.5-cm total length).  
 
5.2.5 Chromatographic Procedure  
         The freshly-packed column was flushed with the running buffer using an HPLC 
pump overnight at 4,000 psi before installation in the CE instrument. The mobile phases 
used were mixtures of acetonitrile/phosphate buffer, acetonitrile/10 mM Tris-HCl (pH = 
8.6) buffer or acetonitrile/10 mM Tris-HCl buffer (pH = 8.6) containing 2 mM Ni(ClO4)2 
solution by volume ratios. The preparation of Tris-HCl buffer and phosphate buffer are 
the same as in Section 4.2.5. The Tris-HCl buffer containing 2 mM Ni(ClO4)2 solution 
was prepared by dissolving desired amount of Tris (base) and Ni(ClO4)2 in water to 
achieve a 10-mM Tris and 2-mM Ni(ClO4)2 concentration then adding hydrochloric acid 




5.3 RESULTS AND DISCUSSION  
 
5.3.1 Enantioseparations under Tris-HCl Running Buffer Conditions 
5.3.1.1 Van Deemter Plot for the Column Packed with MCCD-HPS 
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           A Van Deemter plot for a fused silica column packed with 1.5 µm porous bonded 
silica MCCD-HPS is shown in Figure 5.1. Using α-methylbenzylamine as solute and 
acetoniltrile/10 mM Tris-HCl buffer (70:30 v/v) as running buffer and baseline 
perturbations [21] as the marker of EOF, an optimized plate height (2.19 µm, N = 























Figure 5.1 Van Deemter plot for α-methylbenzylamine for the enantiomer eluted out first. 
Conditions: 38.5-cm × 75-µm-i.d.-fused-silica capillary column (30 cm to the detection 
window) packed with 1.5 µm MCCD-HPS particles; acetonitrile/Tris-HCl buffer (10 mM, 
pH = 8.6) (70:30 v/v); applied voltages varies from 2.5 kV to 25 kV in steps of 2.5 kV. 
 
 
voltage of 10 kV at a linear velocity of EOF of 0.42 mm s-1. This velocity was used as the 
optimum linear velocity. Compared to the Van Deemter plot for the column packed with 
3 µm bonded particles in Figure 4.1, the column packed with 1.5 µm bonded particles 
exhibits much lower plate height at the same linear velocity. This shows that higher 
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efficiency enantioseparations can be obtained on the 1.5 µm bonded silica particles 
MCCD-HPS and DCCD-HPS-packed columns. 
 
5.3.1.2 Influence of Acetonitrile Content in Running Buffer on the 
Enantioseparations 
         As discussed in Chapter 4, the acetonitrile content in the running buffer influences 
the retention and separation resolution of the chiral soutes. Table 5.1 lists the retention 
and enantioseparation data of some chiral compounds on the column packed with 
MCCD-HPS under varying compositions of acetonitrile/Tris-HCl running buffer. 
Increasing the proportion of buffer produces longer retention and higher enantiomeric 
selectivity. This observation implies that the solutes exhibit reversed-phase type behavior 
on MCCD-HPS. The main chiral recognition mechanism appears to be the result of the 
formation of an inclusion complex in which the hydrophobic portion of the solute is 
included in the capped β-CD cavity, and the cyclam moiety provides further host-guest 
interaction, hydrogen bond interaction or dipolar interaction with the solute. The side 
arms of cyclam also supply extra ligand sites for the solute.  
 111 










 90 : 10 70 : 30 50 : 50 30 : 70 
k1 0.36 0.43 0.67 1.26 






 RS 1.22 1.61 3.52 5.83 
k1 0.45 0.57 1.25 1.32 





 RS 1.17 2.83 3.85 4.68 
k1 0.23 0.28 0.53 0.91 







 RS 1.11 1.82 2.14 3.03 
 
      a k1 is the retention factor for the enantiomer eluted out first;  α is the separation factor, 
α = k2/k1 ;  RS is the resolution. b Conditions: 38.5-cm × 75-µm-i.d.-fused-silica 
capillary (30 cm to the detection window) packed with MCCD-HPS particles; 10 kV 
applied voltage; 10 mM Tris-HCl (pH = 8.6). 
 
 
5.3.1.3 Comparison of Enantioseparations under Methanol/Tris-HCl and 
Acetonitrile/Tris-HCl Running Buffer Conditions  
          Table 5.2 lists the linear velocity of EOF (VEOF), the retention and entioseparation 
data of two chiral compounds using methanol/Tris-HCl and acetonitrile/Tris-HCl as 
running buffers. Better enantioselectivities, however, lower VEOF and longer retention 
times were obtained under methanol/Tris-HCl running buffer than under acetonitrile/Tris-
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HCl running buffer at the same composition of Tris-HCl buffer when other 
chromatographic conditions were invariant. The better enantioseparation may be the 
result of the increased selectivity in the methanol/Tris-HCl running buffer, and/or the 
longer retention under this running buffer condition that allows increased interaction of 
the analytes with the stationary phase. Since the enantioselectivity in methanol/Tris-HCl 
is higher than that in the acetonitrile/Tris-HCl running buffer (Table 5.2), it appears that it 
is selectivity in the former running buffer that is the dominating mechanism in enhancing 
separation. We also found that acetonitrile afforded a more stable electroosmotic flow 
than methanol and 2-propanol on the columns packed with cyclam-capped β-CD-bonded 
CSPs. 
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10 0.42 15.23 0.28 1.38 1.82 Propranolol 
MeOH/Tris-HCl 
(70:30 v/v) 










15 0.37 19.17 0.42 1.36 1.75 
 
  a See Figure 5.2 for the structure. b 10 mM Tris-HCl buffer (pH = 8.6). c tR1 is the 
retention time for the enaniomer eluted out first; other terms and separation conditions as 




5.3.1.4 Enantiomeric Separations on Cyclam-capped β-CD-bonded Silica Packed-
Columns under Tris-HCl Running Buffer Conditions 
         Typical chromatograms of enantiomeric separations on MCCD-HPS and DCCD-
HPS under Tris-HCl running buffer conditions are shown in Figure 5.2. Since the two 
CSPs are synthesized from small (1.5 µm) silica particles and they have a chiral selector 
with three recognition sites: β-CD, cyclam and its side arm, they have excellent 
enantioselectivities and column efficiencies for separating chiral compounds. 
Accordingly, they show good potential for fast enantioseparations with high resolutions 
under high voltages. As shown in Figure 5.2 (A), fast separation of enantiomers of 1-
phenyl-1,2-ethanediol was achieved within 5 min with high resolution (RS = 4.67) and 
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high selectivity (α = 2.32). Fast enantioseparation of 3-hydroxyl-α-phenethyl alcohol 
(Figure 5.3) was also obtained within 6 min with high resolution (RS = 2.03) and high 
selectivity (α = 1.64) under an applied voltage of 20 kV. Figure 5.3 shows the structures 
of the studied chiral compounds and their enantioseparation data on the MCCD-HPS and 
DCCD-HPS-packed columns. For most of the enantioseparations, the resolution values 
(RS) are > 1.5 and the separation factors (α) are > 1.3. Compared to other reported CE 
and LC techniques [22-24], better enantioselectivity and resolution for most of the chiral 
solutes are obtained on the MCCD-HPS and DCCD-HPS-packed columns in CEC. For 
example, the enantiomeric resolution for the enantiomers of indapamide was higher in 
CEC using MCCD-HPS as chiral stationary phase (RS = 2.87) than in capillary zone 
electrophoresis (CZE) with β-CD as chiral additive (RS = 1.50) [22]; the 
enantioselectivities and resolution values for enantiomers of propranolol (α = 2.59, RS = 
4.01) and warfarin (α = 2.13, RS = 5.27) were higher in CEC using DCCD-HPS as chiral 
stationary phase than in nano-HPLC with cellulose-coated silica as the stationary phase 
(propranolol, α = 1.38, RS = 1.64; warfarin, α = 1.60, RS = 1.91) [23]; the 
enantioselectivities and resolution values for enantiomers of metoprolol (α = 2.32, RS = 
7.75) and 2-(4-chlorophenoxy)-propionic acid (α = 1.69, RS = 7.85) were higher in CEC 
using MCCD-HPS as chiral stationary phase than in HPLC with β-CD-bonded silica 
particles as stationary phase (metoprolol, α = 1.21, RS = 3.2; 2-(4-chlorophenoxy)-
propionic acid, α = 1.27, RS = 2.6) [24]; only two stereoisomers of 2-amino-1,2-
diphenylethanol which has two chiral centres, was obtained in CEC with chiral crown 
ether-bonded polyacrylamide gels as CSP [7], whereas baseline separation of the four 
stereoisomers was easily achieved on a DCCD-HPS-packed column in CEC [4,14]. The 
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bromoacetate-substituted-(3-(2-O-β-cyclodextrin)-2-hydroxypropoxy)-propylsilyl-
appended silica particles (BACD-HPS), the intermediate product for the synthesis of 
crown ether and cyclam-capped CD-bonded silica particles, have been previously packed 
into fused-silica tubing to fabricate 75-µm-i.d. × 30-cm effective length columns (38.5-
cm total length, same as DCCD-HPS- and MCCD-HPS-packed columns) and used in 
CEC for comparative studies [13]. Under the same separation conditions 
(acetonitrile/Tris-HCl (50:50), 10 kV), for the enantiomers of 1-phenyl-2-propanol, only 
partial enantioseparation (α = 1.08, RS = 0.63) on the BACD-HPS-packed column was 
achieved [13], however, baseline-separation (α = 1.25, RS = 2.19) was achieved on the 
MCCD-HPS-packed column [14]. Greater retention was obtained on the MCCD-HPS-
packed column (k1= 0.65, VEOF = 0.27 mm s-1) than on the BACD-HPS-packed column 
(k1= 0.47, VEOF = 0.28 mm s-1). The cooperative functioning of the capped-β-CD, cyclam 
and its side arm is important for the enantioseparations on these stationary phases [4,14]. 
The chiral discrimination depends on host-guest interaction, hydrophobic interaction, 
hydrogen bonding and dipolar interaction between the solute and the two selectors.  
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 (A) Enantioseparation of 1-phenyl-1,2-ethanediol on MCCD-HPS-packed column.
Tris-HCl (10mM, pH = 8.6) / acetonitrile (50 : 50 v / v), 30 kV, 254 nm UV detection. 
(A) RS = 4.67 α = 2.32 













(B) Enantioseparation of methyl mandelate on MCCD-HPS-packed column. Tris-
HCl (10mM, pH = 8.6) / acetonitrile (30 : 70 v / v), 10 kV, 225 nm UV detection. 


















(C) Enantioseparation of 2-(4-chlorophenoxy)propionic acid on DCCD-HPS-packed column. 
Tris-HCl (10mM, pH = 8.6) / acetonitrile (50:50 v / v), 10 kV, 225 nm UV detection. 
(D) Enantioseparation of α-methyl-1-naphthalene-methanol on DCCD-HPS-packed column. 
Tris-HCl (10mM, pH = 8.6) / acetonitrile (30:70 v / v), 10 kV, 254 nm UV detection. 















RS = 2.74 α = 1.21 










Figure 5.2 Typical chromatograms for enantiomeric separations under acetonitrile/Tris-
HCl running buffer. Columns: 75-µm-i.d. × 30-cm effective length fused silica capillary 
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(30:70 v / v)
10 kV  k1 = 0.30α = 1.88   RS = 2.87
MCCD-HPS-packed column
Tris-HCl / acetonitrile
(30:70 v / v)
10 kV  k1 = 0.27α = 1.47   RS = 2.21
MCCD-HPS-packed column
Tris-HCl / methanol
(30:70 v / v)
15 kV  k1 = 0.32α = 2.59   RS = 4.01
MCCD-HPS-packed column
Tris-HCl / methanol
(30:70 v / v)
15 kV k1 = 0.42α = 1.36   RS = 1.75
MCCD-HPS-packed column
Tris-HCl / methanol
(30:70 v / v)
10 kV  k1 = 0.28α = 2.33   RS = 4.33
MCCD-HPS-packed column
Tris-HCl / methanol
(30:70 v / v)
10 kV  k1 = 0.79α = 1.11   RS = 1.27
MCCD-HPS-packed column
Tris-HCl / methanol
(30:70 v / v)
10 kV  k1 = 1.60α = 1.08   RS = 1.92
MCCD-HPS-packed column
Tris-HCl / methanol
(30:70 v / v)



































acetonitrile (30:70 v / v)
20 kV  k1 = 0.55α = 1.74   RS = 3.04
MCCD-HPS-packed column
Tris-HCl-Ni(ClO4)2 / 
acetonitrile (50:50 v / v)
10 kV  k1 = 1.43α = 2.83   RS = 9.67
MCCD-HPS-packed column
Tris-HCl / acetonitrile
(50:50 v / v)
10 kV  k1 = 0.43α = 1.37   RS = 3.78
MCCD-HPS-packed column
Tris-HCl / acetonitrile
(50:50 v / v)
10 kV  k1 = 0.65α = 1.25   RS = 2.19
MCCD-HPS-packed column
Tris-HCl / acetonitrile
(50:50 v / v)
10 kV  k1 = 0.54α = 2.32   RS = 7.75
MCCD-HPS-packed column
Tris-HCl / acetonitrile
(70:30 v / v)
10 kV  k1 = 1.21α = 2.12   RS = 7.86
MCCD-HPS-packed column
Tris-HCl / acetonitrile
(50:50 v / v)
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10 kV  k1 = 0.92α = 1.21   RS = 2.74
DCCD-HPS-packed column
Tris-HCl-Ni(ClO4)2 / 
acetonitrile (70:30 v / v)
15 kV  k1 = 1.11α = 1.70   RS = 5.11
DCCD-HPS-packed column
Tris-HCl-Ni(ClO4)2 / 
acetonitrile (50:50 v / v)
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acetonitrile (70:30 v / v)
15 kV  k1 = 0.89α = 1.69   RS = 7.85
MCCD-HPS-packed column
Tris-HCl / acetonitrile
(50:50 v / v)





















acetonitrile (70:30 v / v)
15 kV  k1 = 0.85α = 1.36   RS = 1.81
DCCD-HPS-packed column
Tris-HCl-Ni(ClO4)2 / 
acetonitrile (70:30 v / v)
















(30:70 v / v)
15 kV  k1 = 0.37α1,2 = 1.35   RS1,2 = 3.93α2,3 = 1.30   RS2,3 = 2.13α3,4 = 1.46   RS3,4 = 1.46
DCCD-HPS-packed column
Tris-HCl-Ni(ClO4)2 / acetonitrile
(30:70 v / v)






Figure 5.3 Structures of the studied chiral compounds and their enantioseparation data in 
CEC. Conditions: 75-µm-i.d. × 30-cm effective length fused silica capillary (38.5-cm 
total length) packed with bonded silica particles; buffer, Tris-HCl (10 mM, pH = 8.6). 
Other conditions are as in the text. 
 
 
5.3.2 Enantioseparations under Acetonitrile/Tris-HCl-Ni(ClO4)2 Running Buffer 
Conditions 
5.3.2.1 Effects of Concentration of Ni2+   
          As discussed in Chapter 4, the origin of electroosmotic flow in packed CEC 
capillary column is result of the negatively charged silica surface when the silanol groups 
on the inside wall surface of capillary column and on the surface of the packed silica gel 
are deprotonated in the buffer [25,26]. When the running buffer contains Ni(ClO4)2, the 
cyclam selectors of MCCD-HPS and DCCD-HPS include Ni2+  from the buffer to form 
inclusion complexes that are positively charged. As a result, the net negative charge on 
MCCD-HPS and DCCD-HPS surface decreases, and the velocity of EOF also decreases. 
Table 5.3 shows that VEOF in the column packed with MCCD-HPS was much lower under 
 122 
acetonitrile/Tris-HCl buffer containing 2 mM Ni(ClO4)2 than that under acetonitrile/Tris-
HCl buffer at the same acetonitrile composition. 
          After inclusion of Ni2+ from the running buffer into the substituted cylcam and the 
side arm ligands, the cylcam-capped β-CD selector becomes positively charged. The 
positively charged cyclam-capped β-CD can undergo extra electrostatic interactions with 
ionizable solutes and enhance the dipolar interactions with some polar neutral solutes 
[3,4]. This can enhance the host-guest interaction with the solute and improve chiral 
recognition and selectivity. Therefore, cyclam-capped β-CD-bonded stationary phases 
exhibit higher chiral selectivities under the acetonitrile/Tris-HCl buffer. Increasing the 
concentration of Ni2+ from 1 mM to 5 mM results in only a slight increase in the retention 
and selectivity. To reduce the background absorption and obtain satisfactory 
enantioselevitivity for most of the studied samples, 2 mM Ni(ClO4)2 was added to the 
running buffer. 
 
5.3.2.2 Enantiomeric Separations Using Acetonitrile/Tris-HCl-Ni(ClO4)2  Running 
Buffer 
        As discussed above, under the acetonitrile/Tris-HCl-Ni(ClO4)2 buffer conditions, the 
cyclam-capped β-CD-bonded stationary phases can exhibit higher chiral selectivities 
under acetonitrile/Tris-HCl-Ni(ClO4)2 buffer than that under acetonitrile/Tris-HCl buffer 
conditions. As shown in Table 5.3, the retention factor (k1), separation factors (α) are 
higher under acetonitrile/Tris-HCl-Ni(ClO4)2 buffer with all other conditions invariant for 
the enantiomers of mandelic acid benzyl ester and phenylalanine. Typical chromatograms 
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of enantiomeric separations under acetonitrile/Tris-HCl-Ni(ClO4)2 buffer are shown in 
Figure 5.4.  
 
Table 5.3 Comparison of enantioseparations under two running buffer conditions. 
  VEOF Separation datab) 
Solutes Running buffera) (mm s-1) k1 α    RS   
Mandelic acid  
benzyl ester 
Acetonitrile/Tris-HCl-Ni(ClO4)2 
(70 : 30) 
 
0.31 0.54 1.74 3.05 
 
 
Acetonitrile/Tris-HCl (70 : 30) 0.42 0.28 1.38 1.82 
Phenylalanine Acetonitrile/Tris-HCl-Ni(ClO4)2 
(50 : 50) 
 
0.27 1.43 2.83 9.67 
 Acetonitrile/Tris-HCl (50 : 50) 0.34 1.25 2.34 3.85 
 
a Buffer, 10 mM Tris-HCl (pH = 8.6) with/without containing 2 mM Ni(ClO4)2. b Terms 
and other separation conditions as in Table 5.1. 
 
 
5.3.3 Comparison of Enantioseparations between the Columns Packed with Crown 
Ether-capped β-CD-bonded Phases and Cyclam-capped β-CD-bonded Phases 
          All of the crown ether-capped β-CD-bonded silica particles and cyclam-capped β-
CD-bonded silica particles were separately packed into fused silica tubing to fabricate 75-
µm-i.d. × 30-cm effective length columns (38.5-cm total length) for the comparison 
studies. After inclusion of the metal ion (Ni2+) from the running buffer into the cyclam 
unit, particles MCCD-HPS and DCCD-HPS are positively charged. The positively 
charged cyclam-capped β-CD can supply extra electrostatic interactions with ionizable 
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solutes and enhance the dipolar interactions with some polar neutral solutes. This can 
enhance the host-guest interaction with the solute and improve chiral recognition and 
selectivity. Since the side arms in the cyclams can also include Ni2+ ions that have higher 
positive charges than Na+ or K+ ions and the positively charged cyclam center is nearer to 
the β-CD, as compared to 4′-aminobenzo-18-crown-6 and 4′-aminobenzo-15-crown-5-
capped β-CD-bonded particles [13], MCCD-HPS and DCCD-HPS have stronger 
electrostatic and dipolar interactions with solutes and, accordingly, show better 
selectivities than the crown ether-capped β-CD-bonded phases. It was found that, for 
labetalol and 2-amino-1,2-diphenylethanol which have two chiral centers, only partial 
separation of the four stereoisomers can be achieved on the 4′-aminobenzo-18-crown-6 
and 4′-aminobenzo-15-crown-5 capped β-CD-bonded silica particles AB15C5-CD-HPS 
and AB18C6-CD-HPS, however, baseline-separation of the four stereoisomers is easily 
achieved on bonded phases MCCD-HPS and DCCD-HPS (shown in Figure 5.4). The side 
arms of the cyclams could provide additional ligand sites to interact with solutes. This 
also increases chiral recognition. For the enantiomers of 2-phenylcyclohexanone, no 
enantioseparations was obtained on the column packed with crown ether-capped β-CD-
bonded silica particles. However, baseline enantioseparation (Figure 5.3) was obtained 
[14] on the cyclam-capped β-CD-bonded silica particles packed columns. The 




(A) Enantioseparation of mandelic acid benzyl ester on MCCD-HPS-packed column.
10 mM Tris buffer (pH = 8.6) containing 2 mM Ni(ClO4)2 / acetonitrile (30:70 v / v), 
20 kV, 200 nm UV detection. 
(B) Separation of the four stereoisomers of labetalol on MCCD-HPS-packed column.
10 mM Tris buffer (pH = 8.6) containing 2 mM Ni(ClO4)2 / acetonitrile (30:70 v / v), 
15 kV, 254 nm UV detection.
(A) RS = 3.04 α = 1.74 
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RS1,2 = 3.93  α1,2 = 1.35 
RS2,3 = 2.13  α2,3 = 1.30












(D) Separation of the four stereoisomers of 2-amino-1,2-diphenylethanol on DCCD-
HPS-packed column. 10 mM Tris buffer (pH 8.6) containing 2 mM Ni(ClO4)2 /
acetonitrile (30:70 v / v), 20 kV, 210 nm UV detection.




(D) RS1,2 = 1.84  α1,2 = 1.27 
RS2,3 = 1.92  α2,3 = 1.29












(C) Enantioseparation of phenylalanine on DCCD-HPS-packed column.10 mM Tris buffer (pH 
8.6) containing 2 mM Ni(ClO4)2 / acetonitrile (30:70 v / v), 15 kV, 210 nm UV detection.
(C) RS = 9.66  α = 1.63
















Figure 5.4 Typical chromatograms for enantiomeric separations under acetonitrile/Tris-




 5.4 CONCLUDING REMARKS 
 
          Cyclam-capped β-CD-bonded silica particles MCCD-HPS and DCCD-HPS are 
new types of bonded CSPs suitable for CEC. They exhibit high enantiomeric selectivities 
for a wide range of chiral compounds. The cooperative functioning of the β-CD, cyclam 
and its side arm is important for the chiral recognition. The cyclam-capped β-CD-bonded 
stationary phase shows better enantioselectivity than crown ether-capped β-CD-bonded 
bonded stationary phase. With the metal ion included from running buffer, the positively 
charged cyclam-capped β-CD-bonded silica particles provide extra electrostatic 
interactions with ionizable solutes and enhance the dipolar interactions with some polar 
neutral solutes. This additionally improves the chiral recognition and selectivity for CEC. 
The results demonstrate that cyclam-capped β-CD-bonded silica particles have great 
potential for fast enantioseparations when used as CSPs in CEC due to their excellent 
enantioselectivities. The 1.5-µm bonded silica MCCD-HPS and DCCD-HPS-packed 
columns exhibit much higher column efficiencies than 3-µm bonded silica AB15C5-CD-
HPS and AB18C6-CD-HPS-packed columns in CEC. 
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APPLICATION OF CROWN ETHER-CAPPED β-CYCLODEXTRIN-BONDED 
SILICA PARTICLES AQ2D18C6-CD-HPS AND AQ7D18C6-CD-HPS AS CHIRAL 






Conventional HPLC is widely used as a common chromatographic technique for 
analytical separations in various fields. However, it cannot utilize very small particles (<2 
µm) and/or long column lengths to obtain high efficiencies because of pressure 
limitations of commercially available pumping systems. MacNair et al. introduced ultra-
high pressure capillary liquid chromatography (UHPLC) to overcome the pressure 
limitations of conventional pumping systems [1,2]. UHPLC was able to utilize the 
advantages of small nonporous particles, i.e., high efficiency with little loss at high linear 
velocities [3]. Therefore, UHPLC has great potential for fast enantiomeric separations 
when using nonporous bonded chiral stationary phases with high selectivities.  
The previous work in Chapter 4 and 5 shows that the crown ether/cyclam-capped β-
CD-bonded porous silica particles exhibited excellent enanioselectivities when used as 
CSPs in CEC [4]. It is of interest to us to synthesize [5] new type of crown ether-capped 
β-CD-bonded nonporous silica particles to use [6] as CSPs in UHPLC. To the best of our 
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knowledge, we were among the first to report the application of the crown ether-capped 
β-CD-bonded nonporous silica particles as CSPs in UHPLC for enantioseparations [5,6]. 
  Long retention times are usually necessary in chromatography to provide solutes 
with sufficient interaction with the stationary phase to provide the needed selectivity and 
the required resolution for enantioseparations [7]. From fundamental considerations, the 











α                  Equation 6.1 
where N is the number of theoretical plates, α is the separation factor, and k is the 










4 α              Equation 6.2 
For a chromatographic system with a set number of theoretical plates, k should be 
reduced in order to reduce the term 

 +− k1
11  to obtain fast separations. Furthermore, in 
order to obtain the required resolution (RS), the term 

 − α
11  should be increased by 
increasing α. The most straightforward approach to obtain fast enantioseparation is to use 
a short column packed with a highly selective chiral stationary phase. 





Nhkt ⋅+=                  Equation 6.3 
where h is the reduced plate height, Dm is the diffusion coefficient of the solute in the 
mobile phase,  v is the reduced velocity, and dp is the particle diameter. It can be seen 
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from equation 6.3 that the most efficient way to reduce separation time is to use small 
particles as packing materials. In order to overcome the pressure limitations generated 
from the small particles in the conventional pumping systems, MacNair et al. recently 
introduced UHPLC for fast high-resolution separation [1,2].  
         In this chapter, we report the application of two new types of lariat crown ether-
capped β-CD-bonded nonporous silica particles, 8-aminoquinoline-2-ylmethyl-
substituted and 8-aminoquinoline-7-ylmethyl-substituted diaza-18-crown-6-capped (3-(β-
cyclodextrin)-2-hydroxypropoxy)-propylsilyl silica particles (AQ2D18C6-CD-HPS and 
AQ7D18C6-CD-HPS), as CSPs in UHPLC for enantioseparations. The selectivity of 
these bonded stationary phases was examined by application to positional (ortho-, meta- 
and para-) isomers of nitroaniline and enantiomers of several chiral drugs. The fast chiral 





6.2.1 Reagents and Materials  
 Nonporous bare silica particles (1.5 µm) were purchased from Micra Scientific 
(Darien, IL, USA). SCF grade carbon dioxide and compressed nitrogen were obtained 
from Airgas (Salt Lake City, UT, USA). Fused silica tubing with an internal diameter of 
75 µm and outer diameter of 360 µm was purchased from Polymicro Technologies 
(Phoenix, AZ, USA). 8-Aminoquinoline-2-ylmethyl-substituted diaza-18-crown-6 and 
8-Aminoquinoline-7-ylmethyl-substituted diaza-18-crown-6 were prepared as previously 
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described [10]. The rest reagents and starting materilas were purchased from commercial 
resources and treated as standard procedures (refer to Section 2.3.1). 
  
6.2.2 Apparatus  
         The UHPLC system was previously described in detail [11]. Scheme 6.1 shows the 
structure of the UHPLC system. Briefly, a double-head air-driven liquid pump (Model 
DSHF-32, Haskel, Burbank, CA, USA) with a piston area ratio (air drive area to liquid 
piston area) of 346 was used to generate the necessary liquid pressures. The maximum air 
supply pressure was 150 psi (10 atm), resulting in a pump pressure limit of 52 Kpsi 








compressed nitrogen was used to drive the pump. The outlet of this pump was connected 
to a home-built injection system. A static-split injection technique was employed for 
sample introduction [12,13] A Model UV3000 scanning detector from Thermo 
Separations (Sunol, CA, USA) was used to monitor UV absorbance on-column. Data 
were acquired with ChromQuest 2.5.1 software (ThermoQuest, Sunol, CA, USA). Figure 
6.1 shows a photography of the UHPLC system. A Model DSF-150-C1 air-driven SCF 





Figure 6.1 Photography of the home-built UHPLC system 
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6.2.3 Preparation of Bonded Stationary Phases  
            AQ2D18C6-CD-HPS and AQ7D18C6-CD-HPS were synthesized from CD-HPS 
via a successive liquid-solid phase reaction on the nonporous silica surface. The synthesis 
of this crown-capped  β-CD-bonded  silica  particles  was  previously  reported  [5,6]  and 
described in detail in Section 2.3.3 of this thesis. The synthetic routine is shown in 
Scheme 2.2 (Compound 9 in Scheme 2.2 is AQ2D18C6-CD-HPS and compound 10 is 
AQ7D18C6-CD-HPS). The amount of anchored β-CD and substituted bromoacetate 
moieties in nonporous bonded silica particles BACD-HPS were 29.99 µmol g-1 and 
101.97 µmole g-1, respectively, as determined by elemental analysis. The amount of 
diaza-18-crown-6 moieties in AQ2D18C6-CD-HPS was 41.84 µmol g-1 and 27.30 µmol 
g-1 in AQ7D18C6-CD-HPS.  
 
6.2.4 Chromatographic Procedure   
          The bonded nonporous stationary phases were packed into capillary tubing using 
the supercritical fluid carbon dioxide slurry packing method [11] to fabricate a 23-cm × 
75-µm-i.d column packed with AQ2D18C6-CD-HPS and a 18-cm × 75-µm-i.d column 
packed with AQ7D18C6-CD-HPS. The mobile phases used were mixtures of 
hexane/isopropyl alcohol and acetonitrile/phosphate buffer. The sample concentration in 
acetonitrile was approximately 0.5-5 mmol/L. Acetonitrile and buffers were filtered 
through 0.22 µm Durapore membrane filters (Millipore, Bedford, MA, USA) before use. 
Similarly, samples were filtered through 0.2 µm polytetrafluoroethylene (PTFE) syringe 
filters (Chromacol, Trumbull, CT, USA). Chromatography was carried out at room 
temperature. The rest of the chromatographic procedures are the same as in Section 4.2.5. 
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 6.3 RESULTS AND DISCUSSION 
 
6.3.1 Column Evaluation  
          A van Deemter plot for a 23-cm × 75-µm i.d. fused silica column packed with 1.5 
µm bonded nonporous AQ2D18C6-CD-HPS is shown in Figure 6.2. Using o-nitroaniline 
as solute and acetoniltrile/phosphate buffer (80:20, v/v) as mobile phase, an optimum 
plate height (4.25 µm) was obtained at a linear velocity of 1.8 mm s-1. This velocity was 
used as the optimum linear velocity in subsequent experiments. It is shown in Figure 6.2, 
there is only a slight increase in plate height when increasing the linear velocity in the 
high linear velocity region. This implies the column packed with bonded nonporous silica 
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Figure 6.2 Van Deemter plot for o-nitroaniline. Conditions:  23-cm × 75-µm-i.d. fused 
silica column packed with nonporous 1.5 µm silica bonded with AQ2D18C6-CD-HPS, 
254 nm UV detection, 5 mM phosphate buffer (pH = 7.5)/acetonitrile (20:80 v/v), 
column inlet pressures from3,000 to 30,000 psi. 
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 6.3.2 Separation of o,m,p-Nitroaniline  
           The separation of o,m,p-nitroanilines was performed using acetoniltrile/phosphate 
buffer as mobile phase. The influence of acetonitrile content in the mobile phase on 
retention of solutes on the AQ2D18C6-CD-HPS-packed column  is  shown  in  Table 6.1.  
 
Table 6.1 Retention factors (k) for nitroanilinesa. 
Acetonitrile/phosphate buffer (v/v)  
         Solutes 80:20 60:40 40:60 20:80 
o –Nitroaniline 0.62 0.73 0.80 0.93 
m -Nitroaniline 0.54 0.68 0.73 0.81 
p -Nitroaniline 0.76 0.82 1.32 2.16 
 
a 23-cm × 75-µm i.d. fused silica column packed with nonporous 1.5 µm bonded silica 
QA2D18C6-CD-HPS, 5 mM H3PO4-KOH (pH = 7.5), ~1.8 mm s-1 mobile phase flow 
rate, vitamin C as tM marker, 254 nm UV detection. 
 
 
The retention of solutes increases when acetonitrile content decreases, demonstrating that 
AQ2D18C6-CD-HPS has some hydrophobic interaction with the solutes. A typical 
chromatogram showing the separation of ortho-, meta- and para-nitroanilines is shown in 













Figure 6.3 Separation of positional isomers of nitroaniline. Conditions: 23-cm × 75-µm-
i.d.-fused silica capillary packed with nonporous 1.5 µm bonded silica AQ2D18C6-CD-
HPS, 5 mM phosphate buffer (pH=7.5)/acetonitrile (80:20 v/v), 10,000 psi column inlet 
pressure, 254 nm UV detection. 
 
 
          Nitroanilines are useful test compounds for β-CD columns [14]; the difference in 
the relative retention of the para and ortho isomers can be directly correlated to the 
amount of β-CD-bonded onto the silica support. As shown in Table 6.1, p-nitroaniline 
always elutes last in the AQ2D18C6-CD-HPS-packed column. This indicates that there is 
a significant amount of β-CD anchored onto the silica. Compared with the aza-18-crown-
6 bonded stationary phase reported by Da [15], the selectivity for the three isomers of 
nitroaniline is higher for AQ2D18C6-CD-HPS. 
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6.3.3 Effect of Sample Injection Amount on Enantioseparation Resolution  
         Nonporous particles have often been used in UHPLC because they provide better 
efficiencies than porous silica particles, especially at high mobile phase linear velocities 
[16]. The concentration of bonded functional groups on nonporous silica is less than that 
for porous silica because the original silanol concentration on the nonporous silica 
surface is lower than on porous silica. In this work, AQ2D18C6-CD-HPS and 
AQ7D18C6-CD-HPS were prepared using 1.5 µm nonporous silica; therefore, the 
concentration of chiral selectors was not high. According to elemental analysis, the 
average concentration of β-CD and 8-aminoquinoline-2-ylmethyl-substituted diaza-18-
crown-6 was 29.99 µmol g-1 and 41.83 µmol g-1 in AQ2D18C6-CD-HPS, respectively. 
Therefore, the sample capacity was low, and the sample injection amount, likewise, 
should be kept relatively low; otherwise, overloading of the column may result. For the 
static-split injection, the sample injection amount is determined by injection pressure and 
injection time. Generally, an injection pressure of 800 psi and an injection time of 3 s 
were used in this work. Reduction in injection amount can be realized by either 
decreasing the injection pressure or the injection time. It was found that when the 
injection pressure was decreased from 800 psi to 400 psi and the injection time was 
reduced to 2 s, baseline separation of the two enantiomers of indapamide (RS = 2.29,  α = 
1.11, TR1 = 6.90 min, TR2 = 7.31 min) was obtained (Figure 6.4 (A)). Comparing with the 
results reported by Wu [17], the enantioselectivity and resolution values for the 
enantiomers of indapamide were higher in UHPLC using AQ2D18C6-CD-HPS than in 
capillary zone electrophoresis (CZE) with β-CD as chiral additive (RS = 1.50, TR1 = 24.08 
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min, TR2 = 24.96 min). The speed of separation in UHPLC was also much faster than that 
in CZE.  
 
6.3.4 Enantioseparations on the Columns Packed with AQ2D18C6-CD-HPS and 
AQ7D18C6-CD-HPS 
         Under acetonitrile/phosphate buffer mobile phase conditions, the diaza-18-crown-6 
moieties can include a metal ion from the buffer, causing both side arms (8-
aminoquinoline) to move to the same side of the crown ring (toward the β-CD, shown in 
Scheme 2.3) to form a positively-charged inclusion complex [5,10,18]. This positively-
charged complex provides extra electrostatic interaction with ionizable solutes and 
enhances dipolar interaction with polar neutral solutes. The capped β-CD cavity of the 
bonded phases can include hydrophobic portion of the solute, and the positively-charged 
crown ether-metal ion inclusion complex provides further H-H interaction, static 
interaction and/or dipolar interaction with the solute. The two side arms also supply two 
ligand sites for solutes. This increases both retention and selectivity. AQ2D18C6-CD-
HPS and AQ7D18C6-CD-HPS exhibit excellent chiral recognition ability. Typical 
chromatograms of enantiomeric separations on the columns packed with AQ2D18C6-
CD-HPS and AQ7D18C6-CD-HPS are shown in Figure 6.4. As shown in Figure 6.4(B), 
column efficiency as high as 376,546 plates m-1 was achieved for one enantiomer of 
trans-2-phenyl-cyclohexanol.  
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(A) Separation of enantiomers of indapamide. AQ2D18C6-CD-HPS-packed column, 5
mM phosphate buffer (pH = 7.5) / acetonitrile (80 : 20 v / v), 8,000 psi column inlet 







N1 = 181,010 plates m -1








N1 = 376,546 plates m-1





(B) Separation of enantiomers of trans-2-phenyl-cyclohexanol. AQ2D18C6-CD-HPS-
packed column, 5 mM phosphate buffer (pH = 7.5) / acetonitrile (80 : 20 v / v), 10,000












(C) Separation of enantiomers of warfarin. AQ7D18C6-CD-HPS-packed column, 5 mM
phosphate buffer (pH = 7.5) / acetonitrile (90 : 10 v / v), 10,000 psi column inlet pressure, 








α = 1.21  RS = 2.91
(D) Separation of enantiomers of α-methyl-1-naphthalene-methanol. AQ7D18C6-CD-
HPS-packed column, 5 mM phosphate buffer (pH = 7.5) / acetonitrile (95 : 5 v / v), 
12,000 psi column inlet pressure, 215 nm UV detection.  
 
Figure 6.4 Typical chromatograms of enantiomeric separations in UHPLC. Columns, 23-cm × 
75-µm i.d. capillary packed with nonporous AQ2D18C6-CD-HPS and 18-cm × 75- µm i.d. 
capillary packed with nonporous AQ7D18C6-CD-HPS. Other conditions are as in the text. 
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         It was also found that there was no observable effect on retention and selectivity for 
the studied chiral solutes when the pH of the buffer was changed from 7.5 to 4.5. The 
crown ether-capped β-CD-bonded stationary phases represents a kind of multimodal 
chiral stationary phase due to the multiple interaction possibilities that exist when used 
for liquid chromatography. Using mixtures of hexane/isopropyl alcohol as mobile phase, 
the enantioseparations of several chiral compounds were obtained on the column packed 
with AQ7D18C6-CD-HPS. The structures of the chiral compunds studied and the 
respective enantioseparation data on the AQ2D18C6-CD-HPS and AQ7D18C6-CD-HPS-
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Figure 6.5 Structure of the studied chiral compounds and their enantioseparation data in 
UHPLC. Columns, 23-cm × 75-µm-i.d. capillary packed with nonporous AQ2D18C6-
CD-HPS and 18-cm × 75-µm-i.d. capillary packed with nonporous AQ7D18C6-CD-HPS. 
tM marker, vitamin C in reversed-phase and acetone in normal phase conditions. Other 
conditions are as in the text. 
 
 
6.3.5 Comparison of Enantioseparations between the Columns Packed with 
AQ2D18C6-CD-HPS and AQ7D18C6-CD-HPS 
        AQ2D18C6-CD-HPS and AQ7D18C6-CD-HPS use a new kind of lariat crown 
ether-capped β-CD, 8-aminoquinoline-methyl-substituted diaza-18-crown-6-capped β-
CD, as chiral selector. As discussed above, after inclusion of the metal ion from the 
mobile phase in the diaza-18-crown-6 unit, the CSPs are positively charged. Since the 
center of this positively charged complex is nearer to the center of the β-CD cavity in 
AQ7D18C6-CD-HPS compared to AQ2D18C6-CD-HPS, the former shows stronger 
host-guest interaction with the solute than the latter. Accordingly, longer retention and 
better enantioselectivity can be obtained on the AQ7D18C6-CD-HPS-packed column 
under the same chromatographic conditions. Some typical enantioseparation data on the 




Table 6.2 Comparison of enantioseparations between the columns packed with 
AQ2D18C6-CD-HPS (I) and AQ7D18C6-CD-HPS (II) 
 
                                                                                                    Column Ic      Column IIc   
 Solutesa                             Running Bufferb                 
                                                                                                     k1      α           k1       α 
 
Indapamide                     MeCN/H3PO4-KOH (10 : 90)            1.22   1.11       1.25  1.21 
1-Phenyl-1,2-                  MeCN/H3PO4-KOH (10 : 90)            0.92   1.09       0.74  1.21 
ethanediol                  
trans-1,2-Cyclo               MeCN/H3PO4-KOH (10 : 90)            1.35   1.08       1.39  1.32 
hexanediol                            
2-Phenethyl                     MeCN/H3PO4-KOH (10 : 90)            0.75   1.03       0.83  1.12 
alcohol                     
 
a See Figure 6.5 for structures. b Phosphate buffer: H3PO4-KOH (5 mM, pH 7.5). c 
Column I, 23-cm × 75-µm-i.d.-fused-silica capillary packed with AQ2D18C6-CD-HPS; 
column II,  18-cm × 75-µm i.d.-fused-silica capillary packed with AQ7D18C6-CD-HPS. 
10,000 psi inlet pressure. Other conditions are as in Figure 6.5. 
 
 
6.4 CONCLUDING REMARKS 
 
           Nonporous bonded silica AQ2D18C6-CD-HPS and AQ7D18C6-CD-HPS are new 
types of chiral stationary phases with crown ether-capped β-CD as a selector for UHPLC. 
They can be synthesized from CD-HPS by using a simple and convenient liquid-solid 
phase reaction on the silica surface. They show excellent selectivities for separation of 
positional isomers and enantiomers of chiral compounds. The cooperative functioning of 
the substituted diaza-18-crown-6 and the β-CD contributes greatly to the high selectivity. 
These novel chiral stationary phases show great potential for fast enantioseparations, 
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particularly in UHPLC. Capillary columns packed with nonporous bonded stationary 
phases demonstrate relatively low sample capacity. The sample injection amount should 
be carefully controlled in order to obtain good resolution.  
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CONCLUSIONS AND FUTURE WORK 
 
         Several new types of β-CD-bonded silica particles, crown ether-bonded silica 
particles, and crown ether/cyclam-capped β-CD-bonded silica particles were synthesized 
using a convenient successive multiple-step liquid-solid phase reaction on the silica 
surface. β-CD was anchored onto silica support to form β-CD-bonded silica particles, 
derivatized by treatment with bromoacetyl bromide to form bromoacetate-substituted β-
CD-bonded silica particles, and finally reacted with several kinds of amine-containing 
crown ethers and substituted  cyclams to give crown ether and cyclam-capped β-CD-
bonded silica particles. These novel bonded silica particles showed excellent separation 
selectivities when used as stationary phases in HPLC, UHPLC and CEC. 
         Conventional HPLC was one of the first tools used to separate chiral compounds in 
liquid chromatography. The primary reasons for the popularity of HPLC are the 
ruggedness and ease of use of conventional stainless steel columns. Application of 
naphthylcarbamate substituted β-CD-bonded silica NCCD-HPS as CSP in HPLC shows 
excellent selectivities for positional isomers and several chiral compounds. The β-CD-
bonded silica particles CD-HPS and NCCD-HPS are stable under several types of mobile 
phase conditions and exhibit robust chromatographic performance.  
         UHPLC overcomes the pressure limitations of conventional HPLC systems. It is 
able to use long capillary columns to harness the advantage of small nonporous particles, 
i.e., high efficiency is achievable with little loss at high linear velocities of the mobile 
phase. Fast enantioseparations with high resolution were easily achieved when two kinds 
of aminoquinoline-containing diaza-18-crown-6 capped β-CD-bonded nonporous silica 
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particles AQ2D18C6-CD-HPS and AQ7D18C6-CD-HPS were used as CSPs in UHPLC. 
Our research work has provided the first example of the use of CSP in UHPLC for 
enantioseparations. 
        CEC is a relatively recent technique combining the high efficiency of CE with the 
high selectivity usually obtained in HPLC. The mobile phases are delivered by 
electroosmotic flow instead of pressure. Both charged and uncharged solutes can be 
separated according to their differential migration through the column based on the 
solute’s interaction between the two phases or a combination of such interactions and the 
inherent electrophoretic mobilities of the solutes. The crown ether/cyclam-capped β-CD-
bonded silica particles AB15C5-CD-HPS, AB18C6-CD-HPS, MCCD-HPS and DCCD-
HPS synthesized in the present work exhibited excellent enantiomeric selectivities for a 
wide range of chiral compounds in CEC. After inclusion of metal ions from the running 
buffer to the crown ether and cyclam moieties, the positively charged crown 
ether/cyclam-capped β-CD-bonded silica particles provide extra electrostatic interactions 
with ionizable solutes and enhances the dipolar interactions with some polar neutral 
solutes. This additionally improves the chiral recognition and selectivity in CEC. The 
cooperative functioning of the anchored β-CD, crown ether/cyclam and its side arm are 
important for the chiral recognition. 
        In order to identify the definitive structures and conformations of the crown 
ether/cyclam-capped β-cyclodextrin selectors and their host-guest complexes by 
instrumental methods (X-ray crystallography, nuclear magnetic resonance spectrometry, 
mass spectrometry etc.), the isolation of the crown ether/cylcam-capped β-cyclodextrin 
selectors is necessary in the future work. Some synthetic intermediate products also need 
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to be isolated for further characterization before bonding onto the silica support. The 
cooperative function of the crown ether/cyclam and the β-cyclodextrin for chiral 
recognition in liquid chromatography for these novel CSPs also needs to be further 
investigated. Another possible future work would involve synthesis and application of 
novel crown ether/cyclam bonded sub-micron silica particles in CEC and UHPLC. This 
would result in faster enantioseparations with higher resolution. 
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